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MEMOEAN-DUM OIT NOTAIIOIT 


YucroEs aie denoted by letteis in clarendon type, as E 

Ihe three components of a vector E aie denoted by -E" JEy JE ^ 
and the magnitude of the vectoi is denoted by Ey so that 
E^^E^^Ey^^E 

The vector product of two vectoi s E and H which is denoted 
by [E H], IS the vector whose components are {EyH - 
E^JEC^ - y EJSy - EyH,,) Its direction is at right angles to the 
direction of E and H, and its magnitude is represented by twice the 
area of the tiiangle foimed by them 

The scalar product of E and "K E E ^ EyRy EE It is 
denoted by (E H) 

^E 8A« 9A 

The (Quantity f 4 — is denoted by div E 


The vectoi whose components are 

\ 0!B ’ 3y dsc ^ d% ) 


IS denoted by curlE 
If Fdenote a scalar 

[ 3 3\ 

037 ’ 0y ' 035 j 


quantity, the vector whose components aie 
IS denoted by grad T 


The symbol Y is used to denote the vector operator whose 

0 0 0 

components are ^ ^ 

037 0^ 3» 

BifEeientiation with respect to the time is frequently indicated by 
a dot placed over the symbol of the variable whicli is difloicntiated 
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OHAPTEE I 

THE THEORY OF THE AETHER TS THE SEVENTEENTH CENTURY 

The observation of the heavens which has been pursued con- 
tinually from the earhest ages revealed to the ancients the 
regularity of the planetary motions and gave rise to the 
conception of a universal order Modern research building on 
this foundation has shown how intimate is the connexion 
between the different celestial bodies They are formed of the 
same hmd of matter , they are similar in ongin and history , 
and across the vast spaces which divide them they hold 
perpetual intercourse 

Until the seventeenth century the only mfluence which was 
known to be capable of passing from star to star was that of 
hght ITewton added to this the force of gravity , and it is now 
recognized that the power of communicating across vacuous 
regions is possessed also by the electric and magnetic attractions 
It 13 thus erroneous to regard the heavenly bodies as isolated 
m vacant space, around and between them is an incessant 
conveyance and transformation of energy To the vehicle of this 
activity the name ctetlieT has been given 

The aether is the solitary tenant of the universe, save for 
that infinitesimal fraction of space which is occupied by ordinary 
matter Hence anses a problem which has long engaged 
attention and is not yet completely solved What relation 
subsists between the medium which fills the interstellar void 
and the condensations of matter that are scattered throughout 

it ^ 


B 
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The Theory of the Aether 

The history of this prohlem may be traced back eontiniiously 
to the earlier half of the seventeenth century It first emerged 
clearly in that reconstruction of ideas regarding the physical 
umverse which was effected by Een4 Descartes 

Descartes was born in 1596 the son of J oachim Descartes 
Counsellor to the Parhament of Brittany As a young man he 
followed the profession of arms and served in the campaigns of 
Maurice of Nassau and the Emperor , but his twenty fourth 
year brought a profound mental crisis apparently not unlike 
those which have been recorded of many leligious leaders , and 
he resolved to devote himself thenceforwaid to the study of 
philosophy 

The age which preceded the birth of Descartes, and that in 
which he hved were marked by events which greatly altered 
the prevalent conceptions of the world The discovery of 
America the circumnavigation of the globe by Drake, the ovei- 
throw of the Ptolemaic system of astronomy and the invention 
of the telescope all helped to loosen the old foundations and to 
make plain the need foi a new stiucture It was this that 
Descartes set himself to erect His aim was the most ambitious 
that can be conceived , it was nothing less than to create from 
the beginning a complete system of human knowledge 

Of such a system the basis must necessarily be metaphysical , 
and this part of Descartes work is that by which he is most 
widely known But his efforts were also largely devoted to the 
mechamcal explanation of nature which indeed he regarded as 
one of the chief ends of Philosophy * 

The general character of his writmgs may be illustrated by 
a comparison with those of his most celebrated contemporaiy f 
Bacon clearly defined the end to be sought for and laid down 
the method by which it was to be attained , then recognizing 
that to discover all the laws of nature is a task beyond the 

* Of the woihs whieh bear on our piesent subject the Dwpti tqtte and the 
Meteor 68 were published at Leyden in 1638 and the Pnncipia Fhilo8o;ph%a6 at 
Amsterdam in 1644 six years before the death of its author 

t The principal philosophical works of Bacon \\ ere wiitten about eighteen years 
before those of Descartes 
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poweis of one man or one generation he left to posterity the 
Work of filling m the framework which he had designed 
Descartes on the other hand desired to leave as little as possible 
foi his successors to do , his was a theory of the universe worked 
Out as far as possible in every detail It is however impossible 
to derive such a theory inductively unless there are at hand 
sufficient observational data on which to base the induction, 
aud as such data were not available m the age of Descartes 
tie was compelled to deduce phenomena from preconceived 
principles and causes after the fashion of the older philosophers 
To the inherent weakness of this method may be traced the 
errors that at last brought his scheme to rum 

Ihe contrast between the systems of Bacon and Descartes is 
snot unlike that between the Boman republic and the empire of 
-AJlevander In the one case we have a career of aggrandizement 
l-)ursued with patience for centuries , in the other a growth of 
tmigus like rapidity a speedy dissolution, and an immense 
influence long exerted by the disunited fragments The 
g?iandeur of Descartes plan, and the boldness of its execution 
Btnnulated scientific thought to a degree befoie unparalleled, 
ind it was largely fiom its rums that later philosophers 
oonstrueted those moie valid theories which have endured to 
our own time 

Descartes regarded the world as an immense machme 
operating by the motion and pressure of matter “Give me 
matter and motion he cried “ and I will construct the universe ” 
Ja. pecuharity which distmguished his system from that which 
afterwards sprang from its decay was the rejection of all forms 
of action at a distance , he assumed that force cannot be com- 
municated except by actual pressure or impact By this 
assumption he was compelled to provide an explicit mechanism 
m order to account for each of the known forces of nature— a 
task evidently much more difficult than that which lies before 
those who are willing to admit action at a distance as an 
ultimate property of matter 

Since the sun interacts with the planets, m sendmg them 
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light and heat and influencing their motions it followed from 
Descartes principle that interplanetar7 space must be a plenum 
occupied b7 matter imperceptible to the touch but capable of 
servmg as the vehicle of force and light This conclusion m 
turn determmed the view which he adopted on the all impoitant 
question of the nature of mattei 

Matter in the Cartesian philosophy is charactenzed not by 
impenetrability or by any quality recognizable by the senses, 
but simply by extension, extension constitutes matter, and 
matter constitutes space The basis of all things is a primitive 
elementary umque type of matter boundless in extent and 
mfinitely divisible In the process of evolution of the umverse 
three distmct forms of this matter have ongmated, correspond- 
mg respectively to the luminous matter of the sun, the 
transparent matter of interplanetary space, and the dense 
opaque matter of the earth ‘ The first is constituted by what 
has been scraped off the other particles of matter when they 
were rounded , it moves with so much velocity that when it 
meets other bodies the force of its agitation causes it to be 
broken and divided by them into a heap of small particles that 
are of such a figure as to fill exactly all the holes and small 
mterstiees which they find around these bodies The next type 
mcludes most of the rest of matter , its particles are spherical 
and are very small compared with the bodies we see on the 
earth , but nevertheless they have a fimte magnitude so that 
they can be divided mto others yet smaller There exists in 
addition a third type exemplified by some kmds of mattei — 
namely, those which, on account of them size and figure, cannot be 
so easily moved as the precedmg I will endeavour to show that 
all the bodies of the visible world are composed of these three 
forms of matter as of three distmct elements , mfact that the sun 
and the fixed stars are formed of the first of these elements the 
mterplanetary spaces of the second and the earth, with the 
planets and comets of the third For seemg that the sun and 
the fixed stars emit hght the heavens transmit it, and the earth 
the planets, and the comets reflect it, it appears to me that there- 
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IS ground for using these three qualities of luminosity, tians 
parence, and opacity in order to distinguish the three elements 
of the visible world 

According to Descartes theory the sun is the centie of an 
immense vortex formed of the first or subtlest kind of matter t 
The vehicle of light in interplanetary space is matter of the 
second kind or element composed of a closely packed assemblage 
of globules whose size is intermediate between that of the 
vortex matter and that of ponderable matter The globules of 
the second element, and all the matter of the first element, are 
constantly straining away from the centres around which they 
turn owing to the centrifugal force of the vortices so that the 
globules are pressed in contact with each other and tend to 
move outwards although they do not actually so move § It is 
the transmission of this pressure which constitutes light , the 
action of light therefore extends on all sides round the sun and 
fixed stars and travels instantaneously to any distance |I In 
the vision is compared to the perception of the 

presence of objects which a blind man obtains by the use of his 
stick , the transmission of pressure along the stick from the 
object to the hand being analogous to the transmission of 
pressure from a luminous object to the eye by the second kind 
of matter 

Descartes supposed the ' diversities of colour and light ’ to 
be due to the different ways in which the matter moves * ** In 
the Mitiores ft the various colours are connected with different 
rotatoiy velocities of the globules the particles which rotate most 
rapidly giving the sensation of red, the slower ones of yellow, and 
the slowest of green and blue — the order of colours being taken 
from the rainbow The assertion of the dependence of colour 

* JPrxmipxa^ Part lu § 52 

t It IS ouiious to speculate on the impiession Trlnch would have been produced 
had the spirality of nehulse been diecoveied befoie the OYerthro^ of the Cartesian 
theoiy of vortices 

X Ibid , ^ 56-69 § Ibid , ? 63 || Jbtd § 64 t Discoura premier 

'Fnnoxpxa, Paitiv, } 196 ft 
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on penodic tune is a ounons foreshado-wmg of one of tfie 
great discoveries of Newton 

The general explanation of light on these principles was 
amplified hy a more particular discussion of reflexion and 
refraction The law of reflexion— that the angles of incidence 
and refraction are equal — had been known to the Greeks , but 
the law of refraction — that the sines of the angles of incidence 
and refraction are to each other m a ratio depending on the 
media— was now published for the first tune * Descartes gave 
it as his own , but he seems to have been under considerable 
obligations to Willebrord Snell (5 1591 d 1626) Professor of 
Mathematics at Leyden who had discovered it experimentally 
(though not m the form m which Descartes gave it) about 
1621 Snell did not pubhsh his result but communicated it in 
manuscript to several persons and Huygens affirms that this 
manuscript had been seen by Descartes 

Descartes presents the law as a deduction from theory 
This however he is able to do only by the aid of analogy , 
when rays meet ponderable bodies ‘ they are hable to be 
deflected or stopped in the same way as the motion of a ball or 
a stone impmgmg on a body , for it is easy to beheve that 
the action or mchnation to move which I have said must be 
taken for hght ought to follow m this the same laws as 
motion t Thus he replaces hght whose velocity of propagation 
he beheves to be always mfinite by a projectile whose velocity 
vanes from one medium to another The law of refraction is 
then proi ed as f oUowsJ — 

Let a ball thrown from A meet at 5 a cloth OBJS so weak 
that the ball is able to break through it and pass beyond but 
with its resultant velocity reduced m some defimte proportion 
say 1 h 

Then if JJJ be a length measured on the refracted ray 
equal to AB the projectile will take k times as long to 
descnbe BI as it took to descnbe AB But the component 

* Ihopingw, JDtseourt teeoni f 2hd Dtteoms premier 

t lb%d Discours second 
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of velocity parallel to the cloth must be unaffected by the 
impact, and therefore the projection BE of the refracted ray 
must be ^ times as long as the projection BG of the incident 



ray So if x and r denote the angles of incidence and refraction, 
■we have 

BE ^ JBG , 

or the sines of the angles of incidence and refraction are m a 
constant ratio , this is the law of refraction 

Desiring to include all known phenomena in his system 
Descartes devoted some attention to a class of effects which 
were at that time little thought of, but which were destined to 
play a great part in the subsequent development of Physics 
The ancients were acquainted with the curious properties 
possessed by two minerals amber (^AeicTpov) and magnetic 
iron ore (u Xffluc Mayvrjng) The former, when rubbed, 
attracts light bodies the latter has the power of attracting 
iron 

The use of the magnet for the purpose of indicating direc- 
tion at sea does not seem to have been derived from classical 
antiquity , but it was certainly known in the time of the 
Crusades Indeed magnetism was one of the few sciences 
which progressed during the Middle Ages , for in the thirteenth 
century Petrus Peregrinus*a native of Maricourt in Picardy, 
made a discovery of fundamental importance 

Taking a natural magnet oi lodestone which had been 
rounded into a globular form he laid it on a needle and marked 
^ His JEptstoIa 'iras viuttui m 1269 
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the Ime along which the needle set itself Then laying the 
needle on other parts of the stone he obtained more hnes m 
the same way When the entire surface of the stone had been 
covered with such hnes their general disposition became evident, 
they formed circles which girdled the stone in exactly the same 
way as meridians of longitude girdle the earth , and there were 
two pomts at opposite ends of the stone through which all the 
circles passed, just as all the mendians pass through the Arctie 
and Antarctic poles of the earth* Struck by the analogy, 
Peregrmus proposed to call these two pomts the yoke of the 
magnet and he observed that the way m which magnets set 
themselves and attract each other depends solely on the position 
of their poles, as if these were the seat of the magnetic power 
Such was the ongm of those theories of poles and polarization 
which m later ages have played so great a part in hTatural 
Philosophy 


The observations of Peregrmus were greatly extended not 
long before the tune of Descartes by Wilham Gilberd or Gilbertt 
(6 1540 i 1603) Gilbert was bom at Colchester after 
fitudymg at Cambridge he took up medical practice m London 
^d had the honour of being appomted physician to Queen 
^abeth In 1600 he pubhshed a workj on Magnetism and 

Blectncity with which the modem history ot both subiects 
begins •’ 

Of Gilberts electrical researches we shall speak later m 
magnetism he made the capital discovery of the reason why 
m^ets set in defimte orientations with respect to the earth 
w ch IS that the earth is itself a great magnet having one of 
ite poles m high northern and the other in high southern 
latitude Thus the property of the compass was seen to be 
included m the general pnnciple that the north seekmg pole of 


will hiqTwmodun duo puncta concunentsMut omneB 

orbea mendiam m duo conourrunt poloa mimdi oppositos 

t The Iwn in the ColoheBter leoords is Gilberd 

Ma^netieisque coiponbuB et de njagno maimete 
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every magnet attracts the south seeking pole of every other 
magnet and repels its north seeking pole 

Descartes attempted* to account for magnetic phenomena 
by his theory of vortices A vortex of fluid matter was 
postulated round each magnet the mattei of the vortex entenng 
by one pole and leaving by the other this matter was supposed 
to act on iron and steel by virtue of a special resistance to its 
motion afforded by the molecules of those substances 

Oiude though the Cartesian system was in this and many 
other features, there is no doubt that by presenting definite 
conceptions of molecular activity and applymg them to so wide 
a range of phenomena, it stimulated the spirit of mquiry, and 
prepared the way for the more accurate theories that came after 
In its own day it met with great acceptance the confusion which 
had resulted from the desti notion of the old order was now as 
it seemed, ended by a leconstruction of knowledge in a system 
at once credible and complete Nor did its influence quickly 
wane , for even at Cambiidge it was studied long after Newton 
had published his theoiy of gravitation,! and in the middle of 
the eighteenth century Euler and two of the Bernoulhs based 
the explanation of magnetism on the hypothesis of vortices t 
Descartes theoiy of light rapidly displaced the conceptions 
which had held sway in the Middle Ages The vahdity 
of his explanation of refraction was however, called in 
question by his fellow countryman Pieiie de lermat (b 1601, 
d 1665),? and a controversy ensued which was kept up 
by the Cartesians long after the death of their master Fermat 

^ JPt inciptay Pait iv, § 133 sqq 

t Winston has lecordod that having letuined to Camhndge aftei his 
oidination in 1693, he resumed his studies there, '*paitioularly the Mathematicks 
and the Cartesian Philosophy which was alone m Vogue with us at that Time 
But It V as not hmghiforel with immense Pams hut no Assistance set myself 
with the utmost Zeal to the study of SU Isaac Newton s w onderful Discoveiies 
— W histones Mm&irs (1749) i, p 36 

J JCheir memoirs shaied a pure of the Fiench Academy in 1743 and were 
punted in 1762 in the Heounl des pikes qm cut rempoi U Us prtx de I Acad , tome v 
§ Eenati Descartes Epistolae, Pars tertia Amatelodami, 1683 ihe Permat 
conespondence is compused in letters xxix to Xlti 
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eventually introduced a new fundamental law from which he 
proposed to deduce the paths of rays of hght This was the 
celebrated Pr%ncfb]ple of Least Time enunciated* in the form 
Nature always acts by the shortest course From it the law 
of reflexion can readily be derived smce the path described by 
hght between a pomt on the mcident ray and a point on the 
reflected ray is the shortest possible consistent with the con- 
dition of meeting the reflectmg surfaces t In order to obtain the 
law of refraction Fermat assumed that ‘ the resistance of the 
media is different and apphed his “method of maxima and 
minima to find the path which would be described m the least 
tune from a point of one medium to a point of the other In 
1661 he arrived at the solution t The result of my work he 
writes has been the most extraordinary the most unforeseen 
and the happiest that ever was , for after having performed all 
the equations multiphcations antitheses and other operations 
of my method and havmg finally finished the problem I have 
found that my prmciple gives exactly and precisely the same 
proportion for the refractions which Monsieur Descartes has 
established His surprise was all the greater, as he had 
supposed hght to move more slowly m dense than m rare media,. 
whereasDescartes had (as will be evident from the demonstration 
given above) been obliged to make the contrary supposition 
Although Fermat’s result was correct and indeed of high 
permanent interest the principles from which it was derived 
were metaphysical rather than physical m character and con 
sequently were of httle use for the purpose of framing a 
mechamcal explanation of light Descartes theory therefore 
held the field until the pubhcation m 1667^ of the Microgi ayhia 

♦EpiBt xhu written at Toulouse m August 1667 to Monsieur de la 
Ohambre (Emtea de JFefmat 1891) ii p 364 

t lhat reflected light follows the shortest path was no new result, for it had 
been affirmed (and attnbuted to Hero of Alexandna) in the Ke<t>a\aia ruv hirrLKtav 
of Hehodonis of Laussa a work of which several editions weie published m the 
seventeenth, century 

JEpist xmii wntten at Toulouse on Jan 1 1662 reprinted in (Euvres 
Fermat ii p 467 i pp 170 173 

§ The tmptimatitr of Viscount Brounoker p n s is dated Hov 23 1664 
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of Eobert Hooke Q> 1635, d 1703), one of the founders of the 
Koyal Society and at one time its Secretary 

Hooke who was both an observer and a theorist made two 
experimental discoveries which concern our present subject , but 
in both of these as it appeared he had been anticipated The 
first* was the observation of the iridescent colours which are 
seen when light falls on a thin layer of air between two glass 
plates or lenses or on a thin film of any transparent substance 
These are generally known as the ‘ colours of thin plates, or 
* Newton’s rmgs , they had been previously observed by Boyle t 
Hooke’s second experimental discovery t made after the date of 
the M'lcrogro/pli'ia was that light in air is not propagated exactly 
in straight hnes but that there is some illumination within the 
geometrical shadow of an opaque body This observation had 
been published in 1665 in a posthumous work^ of Francesco 
Maria Gnmaldi (b 1618 d 1663) who had given to the j)he 
nomenon the name d%ff‘)aot%o)h 

Hookes theoretical investigations on light were of great 
importance representing as they do the transition from the 
Cartesian system to the fully developed theory of undulations 
He begins by attacking Descartes* proposition that light is a 
tendency to motion rather than an actual motion “ There is 
he observes II no luminous Body but has the parts of it in 
motion more or less ” , and this motion is “ exceeding quick ’ 
Moreover since some bodies (e g the diamond when rubbed or 
heated m the dark) shine for a considerable time without being 
wasted away, it follows that whatever is in motion is not per 
manently lost to the body, and therefore that the motion must 
be of a to and fro or vibratory character The amplitude of the 
vibrations must be exceedingly small smce some luminous bodies 
(e g the diamond again) are very hard and so cannot yield or 
bend to any sensible extent 

M.%crog'iapli%ci p 47 t ^ojle s jroik${e^ 1772) i p 742 

J: Hookes Fosthumovs WoiJcs p 186 

\ Fhysico Matlie8%s de Uimxne cohnhus eti^xde Bologna 1665 book i, prop i 
II M%crograph%a p 66 
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Concluding then, that the condition associated with the 
emission of hght by a lummous body is a rapid vibratory motion 
of very small amphtude, Hooke next inquires how light travels 
through space The next thmg we are to consider” he says 
IS the way or manner of the tmjectwn of this motion through 
the mterpos d pellucid body to the eye And here it will be 
easily granted — 

First, that it must be a body simeytMe and 'umyartihle of 
this motion that will deserve the name of a Transparent , and 
next, that the parts of such a body must be Tioinogeneous oi of 
the same kind 

Thirdly that the constitution and motion of the parts must 
be such that the appulse of the lummous body may be commu 
nicated or propagated through it to the greatest imaginable 
distance in the least imaginable time, though I see no reason to 
affirm that it must be in an mstant 

Fourthly, that the motion is propagated every way through 
an Homogeneous medium by d^red or stroAgU lines extended every 
way hke Rays from the centre of a Sphere 

Fifthly m an Homogeneous medium this motion is propa 
gated every way with equcd' ueloaty whence necessarily every 
pdse or miration of the luminous body will generate a Sphere 
which will continually merease, and grow bigger just after the 
same manner (though mdefinitely swifter) as the waves or rings 
on the surface of the water do swell mto bigger and bigger 
circles about a point of it where by the sinking of a Stone the 
motion was begun whence it necessarily follows that all the 
parts of these Spheres undulated through an Homogeneous medvu/m 
cut the Eays at right angles 

Here we have a fairly definite mechanical conception It 
resembles that of Descartes in postulating a medium as the 
vehicle of hght , hut according to the Cartesian hypothesis the 
disturbance is a statical pressure in this medium while in 
Hooke s theory it is a rapid vibratory motion of small amplitude 
In the above extract Hooke introduces, moreover the idea of 
the loave su'iface or locus at any instant of a disturbance gene 
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rated originally at a point and affirms that it is a spheie 
whose centre is the point m question, and whose radii are 
the rays of hght issuing from the point 

Hooke s next effort was to produce a mechanical theoiy of 
refraction, to replace that given hy Descaites Because he 
says all transparent mediums are not Homogeneous to one 
another, therefore we wiU next examine how this pulse or motion 
will he propagated through differmgly transparent mediums 
And here according to the most acute and excellent Philosopher 
Des Cartes I suppose the sine of the angle of inclination m the 
first medium to be to the sine of refraction in the second as the 
density of the first to the density of the second By density I 
mean not the density in respect of gravity (with which the 
refractions or transparency of mediums hold no proportion) but 
in respect only to the ajection of the Eays of light in which 
respect they only differ in this that the one propagates the 
pulse more easily and weakly the othei more slowly but 
more strongly But as for the pulses themselves they will 
by the refraction acquire another property, which we shall now 
endeavour to explicate 

‘ We will suppose therefore, in the first Figure ACFD to be 



a physical Eay, or -4E(7and DBF to be two mathematical Eays 
t'iajected from a very remote point of a luminous body through 
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an Homogeneous transparent medium LL, and DA, EB, EG to be 
small portions of the orbicular impulses which must therefore 
cut the Eays at right angles these Bays meetmg with the plain 
surface NO of a medium that yields an easier transikis to the 
propagation of hght and falhng oiliqueily on it they will in the 
medium MM be refracted towards the perpendicular of the 
surface And because this medium is more easily trajected than 
the former by a third therefore the point 0 of the orbicular 
pulse EG wiH be moved to H four spaces in the same time that 
E the other end of it is moved to three spaces therefore the 
whole refracted pulse to H shall be oilique to the refracted Bays 
CflXand GI 

Although this is not in all respects successful it represents 
a decided advance on the treatment of the same problem by 
Descartes which rested on a mere analogy Hooke tries to 
determine what happens to the wavefront when it meets 
the interface between two media , and for this end he intro 
duces the correct principle that the side of the wave front 
which first meets the mterlace will go forward m the second 
medium with the velocity proper to that medium while the 
other side ot the wave-front which is still in the first medium 
is stiU moving with the old velocity so that the wave front 
will be deflected in the transition from one medium to the 
other 

This deflection of the wave front was supposed by Hooke to 
be the ongm of the pnsmatic colours He regarded natural or 
white light as the simplest type of disturbance being consti 
tuted by a simple and uniform pulse at nght angles to the 
direction of propagation and mfeired that colour is generated 
by the distortion to which this disturbance is subjected in the 
process of refraction The Bay * he says is dispersed split, and 
opened by its Befraction at the Superficies of a second medium, 
and from a hue is opened mto a divergmg Superficies, and 
,80 obliquated whereby the appearances of Colours are produced. 


PMthumo IS Wmhs p 82 
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Cambridge by the inter vening Plague , this was in 1666 and 
his memoir on the subject was not presented to the Eoyal 
Society until five years later In it he propounds a theory of 
colour directly opposed to that of Hooke ‘ Colours he says 
“ are not QuahfiGatioiis of l%glit derived from Eefractions, or 
Eeflections of natural Bodies (as tis generally beheved) but 
Original and connate 'properties^ which in divers Eays are divers 
Some Eays are disposed to exhibit a red colour and no other 
some a yellow and no other some a green and no other and so 
of the rest ITor are there only Eays proper and particular to 
the more eminent colours but even to all their intermediate 
gradations 

To the same degree of Eefrangibility ever belongs the 
same colour and to the same colour ever belongs the same 
degree of Eefrangibility 

' The species of colour and degree of Eefrangibihty proper 
to any particular sort of Eays is not mutable by Eefraction nor 
by Eeflection from natural bodies nor by any other cause that 
I could yet observe When any one sort of Eays hath been 
well parted from those of other kmds, it hath afterwards 
obstinately retamed its colour notwithstanding my utmost 
endeavours to change it 

The publication of the new theory gave rise to an acute 
controversy As might have been expected Hooke was foremost 
among the opponents and led the attack with some degree of 
asperity When it is remembered that at this time Newton 
was at the outset of his career while Hooke was an older man 
with an established reputation such harshness appears par 
ticularly ungenerous, and it is hkely that the unpleasant 
consequences which followed the announcement of his first 
great discovery had much to do with the reluctance which 
Newton ever afterwards showed to publish his results to the 
world 

In the course of the discussion Newton found occasion to 
explain more fully the views which he entertained regarding 
the nature of light Hooke charged him with holding the 
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doetnne that light is a material suhstance ITow Newton had as 
a matter of fact, a great dislike of the more imaginative kind of 
hypotheses , he altogether renounced the attempt to construct 
the universe from its foundations after the fashion of Descartes, 
and aspired to nothing more than a formulation of the laws 
which directly govern the actual phenomena TTiPt theory of 
gravitation for example, is strictly an expression of the results 
of observation and involves no hypothesis as to the cause of the 
attraction which subsists between ponderable bodies , and his 
own desire in regard to optics was to present a theory free from 
speculation as to the hidden mechanism of light Accordingly 
m reply to Hooke s criticism he protested* that his views on 
colour were in no way bound up with any particular conception 
of the ultimate nature of optical processes 

Newton was however unable to carry out his plan of 
connecting together the phenomena of hght into a coherent 
and reasoned whole without having lecouise to hypotheses The 
hypothesis of Hooke that light consists in vibrations of an 
aether he i ejected for reasons which at that time were perfectly 
cogent and which indeed weie not successfully refuted for over 
a century One of these was the incompetence of the wave 
theoiy to account for the rectilinear propagation of hght and 
another was its inabihty to embrace the facts — discovered, as 
we shall presently see by Huygens and Brst interpreted 
correctly by Newton himself— of polarization On the whole 
he seems to have favoured a scheme of which the following may 
be taken as a summaryf — 

All space is permeated by an elastic medium or aether which 
IS capable of propagating vibrations in the same way as the 

•Phi Tians vu 1672 p 6086 

t Of Newtou B memoir in Phil Trans vu, 1672 his memoir presented to the 
Royal Society in December 1676, which is printed in. Birch, in p 247 hia 
Optioks especially Queues 18 19 20, 21 23 29 the Scholium at the end ot 
the JPrtnctpw and a lettei to Boyle written in February, 1678-9 wl loh is printed 
in Horsley s Ifewtom Opet a p 386 

In the Pnnetpia Book I , section xit, the analogy between rays of light and 
streams of corpuscles la indicated but Newton does not commit himself to any 
theory of light based on this 

C 
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air propagates the vibrations of sound but with far greater 
velocity 

This aether pervades the pores of all mateiial bodies and 
IS the cause of their cohesion , its density vanes from one body 
to another being greatest in the free mterplanetary spaces It 
IS not necessarily a single uniform substance but just as air 
contains aqueous vapour so the aether may contain various 
aethereal spirits, adapted to produce the phenomena of 
electricity magnetism and gravitation 

The vibrations of the aether cannot for the reasons already 
mentioned be supposed in themselves to constitute light 
Light IS therefore taken to be something of a different kind 
propagated from lucid bodies They, that will, may suppose 
it an aggregate of various peripatetic qualities Others may 
suppose it multitudes of unimagmable small and swift 
corpuscles of various sizes springing from shinmg bodies 
at great distances one after another, but yet without any 
sensible interval of time and contmually urged forward by a 
principle of motion which in the begmnmg accelerates them 
till the resistance of the aethereal medium equals the force of 
that prmciple much after the manner that bodies let fall in 
water are accelerated till the resistance of the water equals the 
force of gravity But they that like not this may suppose 
hght any other corporeal emanation or any impulse or motion 
of any other medium or aethereal spirit diffused through the 
main body of aether or what else they can imagine proper for 
this purpose To avoid dispute, and make this hypothesis 
general let every man here take his fancy, only whatever 
light be, I suppose it consists of rays differing from one another 
in contmgent circumstances as bigness form or vigour * * 

In any case light and aether are capable of mutual inter- 
action, aether is in fact the intermediary between light and 
ponderable matter When a ray of light meets a stratum of 
aether denser or rarer than that through which it has lately 
been passing, it is in general, deflected from its rectilinear 
* Royal Society, Dec 9 1676 
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course and differences of density of the aether between one 
material medium and another account on these piineiples for 
the reflexion and refraction of hght The condensation oi 
laiefaction of the aether due to a material body extends to 
some httle distance from the surface of the bodj so that the 
inflexion due to it is really continuous and not abiupt, and 
this further explains diffraction which Newton took to be 
only a new kmd of lefraction caused perhaps by the 
external aethers begmnmg to grow rarer a little before it 
came at the opake body than it was in free spaces ’ 

Although the regular vibrations of Newton s aether weie not 
supposed to constitute hght, its irregular turbulence seems to 
have represented fairly closely his conception of heat He 
supposed that when light is absorbed by a material body, 
vibrations are set up in the aethei and are recognizable as 
the heat which is always geneiated in such cases The 
conduction of heat from hot bodies to contiguous cold ones he 
conceived to be effected by vibiations of the aether propagated 
between them, and he supposed that it is the violent agitation 
of aethereal motions which excites incandescent substances to 
emit light 

Assuming with Newton that light is not actually con- 
stituted by the vibrations of an aether, even though such 
vibrations may exist in close connexion with it the most 
definite and easily conceived supposition is that rays of light 
are streams of corpuscles emitted by luminous bodies Although 
this was not the hypothesis of Descartes himself it was so 
thoroughly akin to his general scheme that the scientific men 
of Newtons generation, who were for the most part deeply 
imbued with the Cartesian philosophy, mstinctively selected 
it from the wide choice of hypotheses which Newton had offered 
them and by later writers it was generally associated with 
Newton s name A curious argument in its favour was drawn 
from a phenomenon which had then been known for nearly half 
a century Vincenzo Cascariolo a shoemaker of Bologna, had 
discovered about 1630 that a substance, which afterwards 
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received the name of Bologna stone or Bologna yhosphoi us has 
the property of shmmg m the dark after it has been exposed 
for some time to sunlight, and the storage of light which 
seemed to be here mvolved was more easily explicable on the 
corpuscular theory than on any othei The evidence in 
this quarter however pointed the othei way when it was 
found that phosphorescent substances do not necessarily emit 
the same kmd ot light as that which was used to stimulate 
them 

In accordance with Ins earliest diseoiery Newton considered 
colour to be an mherent chaiacteristic of light and inferred 
that it must be associated with some definite quahty of the 
corpuscles or aether vibrations The corpuscles corresponding 
to different colours would he remarked like sonorous bodies of 
different pitch excite vibrations of different types m the 
aether , and ‘ if by any means those [aether vibrations] of 
unequal bignesses be separated from one another, the largest 
beget a Sensation of a BM colour, the least or shortest of a 
deep Vwlet, and the mtermediate ones, of intermediate colours , 
much after the manner that bodies according to their several 
sizes shapes and motions excite vibrations in the Air of various 
bignesses which according to those bignesses, make several 
Tones in Sound ’* 

This sentence is the fiist enunciation of the great principle 
that homogeneous light is essentially m its nature and 

that differences of period correspond to differences of colour 
The analogy with Sound is obvious , and it may be remarked 
in passmg that Newtons theory of periodic vibrations in an 
elastic medium which he developedf in connexion with the 
explanation of Sound would alone entitle him to a place among 
those who have exercised the greatest influence on the theory 
of light even if he had made no direct contribution to the 
latter subject 

* Phil Trans vii (1672) p 5088 

i“ Newton s J^iinoxpia Book ii Props xlui -1 
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Newton devoted considerable attention to the colours of 
thin plates and determined the empirical laws of the 
phenomena with great accuracy In order to explain them he 
supposed that ' every ray of light, in its passage through any 
lefi acting surface, is put into a certain transient constitution or 
state which, m the progress of the ray, returns at equal 
intervals, and disposes the ray at every return to be easily 
transmitted through the next refracting surface, and between 
the returns, to be easily reflected by it’* The mterval 
between two consecutive dispositions to easy transmission, or 
length of fit ” he supposed to depend on the colour bemg 
greatest for red light and least for violet If then a ray of 
homogeneous light falls on a thm plate its fortunes as regards 
transmission and reflexion at the two surfaces will depend on 
the relation which the length of fit bears to the thickness of 
the plate , and on this basis he built up a theory of the colours 
of thin plates It is evident that Newton’s ‘length of fit 
corresponds m some measure to the quantity which in the 
nndiilatory theory is called the wave-length of the light , but 
the suppositions of easy transmission and reflexion were soon 
found inadequate to explain all Newtons experimental results — 
at least without makmg other and more comphcated additional 
assumptions 

At the time of the pubhcation of Hooke s Micrographmy and 
Newton s theory of colours, it was not known whether light 
IS propagated instantaneously or not An attempt to settle 
the question experimentally had been made many years 
previously by Galileo | who had stationed two men with 
lanterns at a considerable distance from each other , one of 
them was directed to observe when the other uncovered his 
light, and exhibit his own the moment he perceived it But 
the interval of time required by the light for its journey was 
too small to beperceued in this way, and the discovery was 


^ Optxuls Book 11 Piop 12 

t* JJ%8Gou% e dmoUia %oni maiemaitehe p 43 of tke Plzevir edition of 1638 
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ultimately made by an astronomer It was observed in 1675 
by Olof Eoemer* (5 1644 1710) that the eclipses of the first 

satellites of Jupiter were apparently affected by an unknown 
disturbing cause , the tune of the occurrence of the phenomenon 
was retarded when the earth and Jupiter, in the couise of their 
orbital motions happened to be most remote from each othei, 
and accelerated m the contraiy case Eoemer explained this 
by supposmg that light requires a finite time for its pio- 
pagation from the satellite to the eaith , and by observations of 
eclipses he calculated the mterval required for its passage from 
the sun to the earth (the hght-equation as it is called) to be 
11 minutes f 

Shortly after Eoemer s discovery the wave theory of light 
was greatly improved and extended by Christiaan Huygens 
(6 1629 d 1695) Huygens, who at the tune was living in 
Paris communicated his results in 1678 to Cassini, Eoemer^ 
De la Hire and the other physicists of the French Academy^ 
and prepared a manuscript of considerable length on the subject 
This he proposed to translate into Latin and to publish in that 
language together with a treatise on the Optics of Telescopes , 
but the work of translation making little progress after a delay 
of twelve years he decided to print the woik on wave theory 
in its origmal form In 1690 it appeared at Leyden t under 
the title Tra%ti de la I'u.'imhe ou sont exphquies Us causes de ce 
qu% luy am%e dans la r4fler%on et dans la action Et pai 

#M6m del Acad x (1666-1699), p 575 

tit was soon, recognized that Roemei s value was too large and the 
astronomeis of the succeeding half century reduced it to 7 minutes Delamhre 
hy an investigation whose details appear to have been completelv destroyed 
published in 1817 the value 493 2 from a discussion of eclipses of Jupitei » 
satellites during the previous 160 years Glasenapp m an inaugural disseitati in 
published in 1876 discussed the eclipses of the first satellite between 1848 and 
1870 and denved by different assumptions values between 496 and 601 tlie 
most piohahle value being 600 8 Sampson m 1909 denved 498 64 fiom liis- 
own readmgs of the Harvai d Observations and 498 79 fiom the Harvard readings 
with probable errors of about ±0 0’ The inequalities of Jupiter s suifaoe give- 
rise to some difficulty in exact detenninations 

t Huygens had by this time returned to Holland 
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Qful'hh emmt dans Idt'iange if'i action dn mistal dislande Par 
OHDZ^ 

The truth of Hooke s hypothesis that light is essentially a 
form of motion seemed to Huygens to be proved by the effects 
observed with burning glasses , for m the combustion induced at 
the focus of the glass the molecules of bodies are dissociated , 
which as he remarked, must be taken as a certain sign of motion 
if m conformity to the Cartesian philosophy we seek the cause 
of all natural phenomena in purely mechanical actions 

The question then arises as to whether the motion is that 
of a medium as is supposed in Hooke s theory or whether it 
may be compared rather to that of a flight of arrows as in the 
corpuscular theory Huygens decided that the former alter 
native is the only tenable one smce beams of hght proceeding 
in directions inclined to each other do not interfere with each 
other in any way 

Moreover it had previously been shown by Toiricelh that 
light IS transmitted as readily through a vacuum as through 
air , and from this Huygens inferred that the medium or aether 
in which the propagation takes place must penetrate all matter 
and be present even in all so called vacua 

The process of wave propagation he discussed by aid of a 
principle which was nowt introduced for the first time, and has 
smce been generally known by his name It may be stated 
thus Consider a wave front J or locus of disturbance as it 
exists at a definite instant then each surface-element of the 
wave front may be regarded as the source of a secondary wave, 
which in a homogeneous isotropic medium will be propagated 
outwards from the surface element in the form of a sphere 
whose radius at any subsequent instant t is proportional to 
j and the wave front which represents the whole distur 

* 1 e Ohiistiaan Huygens de Zuylichem The custom of indicating names by 
initials was not unusual in that age 
t TraxU de la lum , p 17 

t It maybe remarked that Huygens * waves are really what modem writers 
following Hooke call * pulses Huygens never considered true wave trains- 
having the property of periodicity 
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bance at the instant t is simply the envelope of the secondary 
waves which arise from the various surface elements of the 
original wave front * The mtroduction of this principle enabled 
Huygens to succeed where Hooke and other contemporary 
wave theoristsf had failed, in achievmg the explanation of 
refraction and reflexion His method was to combine his own 
prmciple with Hooke s device of f ollowmg separately the fortunes 
of the nght-hand and left-hand sides of a wave front when it 
reaches the mterface between two media The actual explana- 
tion for the case of reflexion is as follows — 

Let A£ represent the interface at which reflexion takes 
place, AHC the incident wave front at an instant GMB the 
position which the wave-front would occupy at a later instant t 
if the propagation were not interrupted by reflexion Then by 



Huygens prmciple the secondary wave fiom A is at the instant 
t a sphere HNS of radius equal to AG the disturbance from 
rffeer meetmg the mterface at JS' will generate a secondary 
wave y of radius equal to KM, and similarly the secondary 
Wave eorrespondmg to any other element of the original wave 

^ The j^istification for this \ras giyen long afterwards by Fresnel, Annates de 

teg Ignaoe Gaston Paidies and Pierre Ango, the latter of whom published 
a work on Optics at Pans m 1682 
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front can be found It is obvious that the envelope of these 
secondary waves which constitutes the final wave front will be 
a plane BN which will be inclined to AB at the same angle as 
AC This gives the law of reflexion 

The law of refraction is established by similar leasoning 
on the supposition that the velocity of light depends on the 
medium in which it is propagated Since a ray which passes 
from air to glass is bent inwards towards the normal it may be 
infened that light travels more slowly in glass than in air 
Huygens offered a physical explanation of the variation in 
velocity of light from one medium to another, by supposing 
that transparent bodies consist of hard particles which interact 
with the aethereal matter modifying its elasticity The 
opacity of metals he explained by an extension of the same 
idea supposing that some of the particles of metals are hard 
(these account for reflexion) and the rest soft the latter destroy 
the luminous motion by damping it 

The second half of the Thiorie de la. lunu^re is concerned with 
a phenomenon which had been discovered a few years pre- 
viously by a Danish philosopher Erasmus Bartholin (& 1625 
d 1098) A sailor had brought from Iceland to Copenhagen a 
number of beautiful crystals wh:^ch he had collected m the Bay 
of Eoerford Bartholin into whose hands they passed noticed* 
that any small object viewed through one of these crystals 
appeared double, and found the momediate cause of this in the 
fact that a ray of light entering the crystal gave rise in general 
to two refracted rays One of these rays was subject to the 
ordinary law of refraction while the other which was called 
the cxtraordincLTy ray, obeyed a different law, which Bartholm 
did not succeed in determining 

The matter had arrived at this stage when it was tahen up 
by Huygens Since in his conception each ray of light corresponds 
to the propagation of a wave-front, the two rays in Iceland 
spar must correspond to two different wave fronts propagated 


* JBxpei tnienta otxstctlli lulandtci dxsthaelastici 1669 
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sunultaneously In this idea he found no difficulty , as he says 
‘ It IS certain that a space occupied by more than one kind of 
matter may permit the propagation of several kmds of waves 
different m velocity , for this actually happens in air mixed 
with aethereal matter where sound waves and hght waves are 
propagated together 

Accordingly he supposed that a light disturbance generated 
at any spot within a crystal of Iceland spar spreads out in the 
form of a wave surface composed of a sphere and a spheroid 
having the origin of distuibance as centre The spherical wave 
front corresponds to the ordinary ray, and the spheroid to the 
extraordmary ray and the direction in which the extraordinary 
ray IS refracted maybe determmed by a geometrical construc- 
tion in which the spheioid takes the place which in the 
ordinary construction is taken by the sphere 

Thus let the plane of the figure be at right angles to the 
intersection of the wave front with the surface of the crystal , 
let A.B represent the trace of the mcident wave-front , and 
suppose that in umt time the disturbance from B reaches the 
mterface at T In this umt mterval of time the disturbance 
from A will have spread out withm the crystal into a sphere 
and spheroid so the wavefront corresponding to the 



ordmary ray will be the tangent plane to the sphere through 
the hue whose trace is T while the wave front corresponding 
to the extraordmary ray will be the tangent plane to the- 
spheroid through the same hne The points of contact N 
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and M will determine the directions AN and AM of the two 
refracted lays* within the crystal 

Huygens did not in the TTiione de la lumih e attempt a detailed 
physical explanation of the spheroidal wave but communicated 
one later m a letter to Papin t written in December 1690 As 
to the kinds of matter contained in Iceland crystal ” he sa} s 
I suppose one composed of small spheroids and another which 
occupies the interspaces around these spheroids and which serves 
to bind them together Besides these there is the matter of 
aether permeatmg all the crystal both between and within the 
parcels of the two kinds of matter just mentioned , for I suppose 
both the little spheroids and the matter which occupies the 
mtervals around them to be composed of small fixed particles 
amongst which are diffused in perpetual motion the still finer 
pai tides of the aether There is now no reason why the 
ordinary lay m the crj stal should not be due to waves propa 
gated in this aethereal matter To account for the extraoidmary 
refraction I conceive another kind of waves which have tor 
vehicle both the aethereal matter and the two othei kinds of 
matter constituting the crystal Of these latter I suppose that 
the matter of the small spheroids transmits the wa^ es a little 
moie quickly than the aethereal matter while that around the 
spheroids transmits these waves a little more slowly than the 
same aethereal matter These same waves when they travel 
in the direction of the breadth of the spheroids meet with 
more of the matter of the spheroids or at least pass with less 
obstruction, and so are propagated a little more quickly in this 
sense than in the other , thus the light-distui banco is propagated 
as a spheroidal sheet 

Huygens made another discoveryf of capital importance when 

* Ihe Mord lay in the vave theory is always applied to the line v^hlch goes 
from the oentie of a wave (i e the oiigin of the distuibnnce) to a point on its 
suiface whatever may he the indination of this line to the smface olcmcnt on 
which it abuts for this line has the optical pioperties of tho lajs of the 
emission theory 

f Huygens (Pnvies^^^ 190) x p 177 

J Theone de la hmihe^ p 89 
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experimenting with the Iceland crystal He observed that the 
two rays which are obtained by the double refraction of a single 
ray afterwards behave m a way different from ordmary light 
which has not experienced double refraction, and in particular 
if one of these rays is incident on a second crystal of Iceland 
spar it gives nse m some circumstances to two and in others 
to only one refracted ray The behaviour of the ray at this 
second refraction can be altered by sunply rotatmg the second 
crystal about the dmection of the ray as axis , the ray under- 
gomg the ordmary or extraordinary refraction accordmg as the 
prmcipal section of the crystal is m a certam direction or in the 
direction at nght angles to this 

The first stage m the explanation of Huygens’ observation 
was reached by Newton who m 1717 showed* that a ray 
obtamed by double refraction differs from a ray of ordmary 
hght m the same way that a long rod whose cross section is a 
rectangle differs from a long rod whose cross section is a circle 
m other words the properties of a ray of ordmary hght are the 
same with respect to aU directions at right angles to its direction 
of propagation whereas a ray obtamed by double refraction 
must be supposed to have s'tdes or properties related to special 
directions at nght angles to its own direction The refraction 
of such a ray at the surface of a crystal depends on the relation 
of Its sides to the prmcipal plane of the crystal 

That a ray of hght should possess such properties seemed to 
Newtonf an insuperable objection to the hypothesis which 
regarded waves of light as analogous to waves of sound On 
tins pomt he was m the right his objections are perfectly 
valid agamst the wave-theory as it was understood by his 
^temporariesj although not agamst the theory? which was put 
forward a century later by Young and Fresnel 


r of Newton a OpM> ftueiy 26 f Optuh, Query 28 

advincM oacillabons are performed m the diieotion m which the ware 
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OHAPTEE II 

FLECTKIC AND MAGNETIC SCIENCE PEIOE TO THE INTEODDCTION 
OE THE POTENTIALS 

The magnetic discovenes of Peregmnis and Gilbert and the 
vortex hypothesis by which Descartes had attempted to explain 
them had raised magnetism to the lanL. of a separate science 
by the middle of the seventeenth centurj The kindred science 
of electricity was at that time m a less developed state , but it 
had been considerably advanced by Gilbert whose researches in 
this direction will now be noticed 

For two thousand yeais the atti xctii e power of amber had 
been regarded as a iiitue pecuhai to that substance oi possessed 
by at most one oi two otheis Gilbert prosedf this view to be 
mistaken showing that the same eftects aie induced by fiiction 
in (][uite a laige class of bodies , among which he mentioned 
glass sulphur sealing wax and vaiious pieeious stones 

A force which was manifested by so many different kinds of 
matter seemed to need a name of its own and accordingly 
Gilbert ga\ e to it the name dccto to which it has ever since 
retained 

Eetween the magnetic and electric forces Gilbert remarked 
many distinctions 1 he lodestone requires no stimulus of friction 
such as IS needed to stir glass and sulphur into activity 
The lodestone attracts only magnetizable substances whereas 
electrified bodies attract everythmg The magnetic attraction 
between two bodies is not affected by interposing a sheet of 
paper or a huen cloth or by immersing the bodies in water, 
whereas the electric attraction is readily destroyed by screens 
Lastly, the magnetic force tends to anange bodies m definite 


»Cf pp 7 9 


f De MarjneU lib ii cap 2 
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orientations , while the electiic force merely tends to heap them 
together in shapeless clusters 

These facts appeared to Gilheit to indicate that electric 
phenomena are due to somethmg of a material nature which 
under the mfluence of friction is hberated from the glass or 
amber in which under ordinary circumstances it is imprisoned 
In support of this view he adduced evidence from other quarters 
Bemg a physician he was well acquainted with the doctrine 
that the human body contams various humours or kinds of 
moisture — phlegm blood choler and melancholy, — which as 
they predominated were supposed to determine the temper of 
mmd, and when he observed that electrihable bodies were 
ahnost all hard and transparent and therefore (according to the 
ideas of that time) formed by the consolidation of watery hquids, 
he concluded that the common menstruum of these liquids must 
be a particular kmd of humour, to the possession of which the 
electrical properties of bodies were to be referred Friction 
noight be supposed to warm or otherwise excite or liberate the 
humour which would then issue from the body as an efiSuvium 
and form an atmosphere around it The effluvium must, he 
remarked be very attenuated for its emission cannot be detected 
by the senses 

The existence of an atmospheie of effluvia round every 
electrified body might mdeed have been mferred accordmg to 
Gilbert’s ideas from the smgle fact of electric attraction For 
he beheved that matter cannot act where it is not , and hence 
if a body acts on all surroundmg objects without appearmg to 
touch them somethmg must have proceeded out of it unseen 

The whole phenomenon appeared to him to be analogous to 
the attraction which is exercised by the earth on falling bodies 
For m the latter case he conceived of the atmospheric air as the 
effluvium by which the earth draws all things downwards to 
itself 

Gilberts theory of electrical emanations commended itself 
generally to such of the natural philosophers of the seventeenth 
century as were interested m the subject, among whom were 
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numbeied Niccolo Cabeo (& 1585 d 1650) an Italian Jesuit 
who was perhaps the first to observe that electrified bodies repel 
as v-ell as attract , the Eiighsh royalist exile Sir Keiielm. 
Digby (& 1603 d 1665), and the celebrated Eobert Boyle 
(5 1627 d 1691) There were howevei some differences of 
opinion as to the manner m which the effluvia acted on the small 
bodies and set them in motion towards the excited electric ^ 
Gilbert himself had sxipposed the emanations to have an mherent 
tendencj to reumon with the parent body 3 Digby likened their 
return to the condensation of a vapour by coohng , and other 
writers pictured the effluvia as forming vortices round the 
attracted bodies in the Cartesian fashion 

There is a well-known allusion to Gilbert s hypothesis in 
Newtons 

“ Let him also tell me how an electiick body can by friction 
emit an exhalation so rare and subtle t and yet so potent as by 
its emission to cause no sensible diminution of the weight of the 
electrick body and to be expanded thiough a sphere whose 
diameter is above two feet and yet to be able to agitate and 
carry up leaf copper or leaf gold at a distance of above a foot 
from the electrick bocly^’ 

It 18 perhaps, somewhat surprising that the Newtonian 
doctrine of gravitation should not have proved a severe blow to 
the emanation theory of electricity, but Gilberts doctrine was 
now so firmly estabhshed as to be unshaken by the overthrow 
of the analogy by which it had been originally justified It was 
however modified in one particular about the beginning of the 
eighteenth century In order to account for the fact that 
electncs are not perceptibly wasted away by excitement the 
earher wnters liad supposed all the emanations to return 
ultimately to the body which had emitted them, but the 
corpuscular theory of light accustomed philosophers to the 
idea of emissions so subtle as to cause no perceptible loss , and 

* Query 22 

Subtlety ’ says JoHason which in its original impoit means e:ality of 
particles is taken in its metaphoiical meaning for nicety of distinction ’ 
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after the time of Kewton the doctune of the return of the 

electric effluvia gradually lost credit 

Newton died m 1727 Of the expositions of his philosophy 
which were pubhshed in his lifetime by his followeis one at 
least deserves to be noticed for the sahe of the insight which 
It affords mto the state of opinion legarding light heat, and 
electricity in the first half of the eighteenth century This was 
the Phys%ces eleineoita 'mathemaUca ex^e^imeoitu coi^fi^mata of 
Wilhelm Jacob s Gravesande (6 1688 d 1742), published at 
Leyden m 1720 The Latin edition was afterwards reprinted 
SC'S eral times and was moreover translated into I? rencli and 
English it seems to have exercised a consideiable and on the 
whole well deserved mfluence on contemporary thought 

s Gravesande supposed hght to consist m the piojection of 
corpuscles from lummous bodies to the eye , the motion being 
very swift as is shown by astronomical observations Since 
many bodies eg the metals, become lummous when they are 
heated he inferred that every substance possesses a natural 
store of corpuscles which are expelled when it is heated to 
mcandescence , conversely corpuscles may become united to a 
material body , as happens for mstance when the body is exposed 
to the rays of a fire Moreover smce the heat thus acquired is 
readily conducted throughout the substance of the body he 
concluded that corpuscles can penetrate all substances however 
hard and dense they be 

Let us here recall the ideas then current regarding the 
nature of material bodies Erom the time of Boyle (1626-1691) 
it had been recogmzed generally that substances perceptible to 
the senses may be either elements or compounds or muitmes^ 
the compounds bemg chemical individuals distinct from mere 
mixtures of elements But the substances at that time accepted 
as elements were very different from those which are now known 
by the name Air and the calces^ of the metals figured in the 
list while almost all the chemical elements now recognized were 


* 1 e oxides 
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omitted from it , some of them such as oxygen and hydrogen 
because they were as yet undiscovered and others such as the 
metals because they were beheved to be compounds 

Among the chemical elements it became customary after 
the time of Newton to mclude light corpuscles * That some- 
thing which IS confessedly unponderable should ever have been 
admitted mto this class may at fiist sight seem surprising But 
it must be remembered that questions of ponderability counted 
for very little with the philosophers of the period Three 
quarters of the eighteenth century had passed before Lavoisier 
enunciated the fundamental doctime that the total weight of 
the substances concerned in a chemical reaction is the same 
after the reaction as before it As soon as this principle narnpi 
to be universally applied, light parted company from the true 
elements in the scheme of chemistry 

We must now consider the views which were held at this 
time regarding the nature of heat These are of interest for our 
present purpose on account of the analogies which were set up 
between heat and electiicity 

The various conceptions which have been entertained 
conceining heat fall into one or other of two classes according as 
heat IS represented as a mere condition producible m bodies, or 
as a distinct species of matter The fonner view, which is that 
universally held at the present day was advocated by the great 
philosophers of the seventeenth century Bacon mamtained it in 
the Nomm, Orgmvm “ Oalor,’ he wrote, “ est motus expansivus, 
cohibitus et nitens per partes mmores t BoyleJ affirmed that 
the ‘ Nature of Heat ’consists in “a vanous vehement and 
mtestme commotion of the Parts among themselves ’ Hooke § 
declared that ‘ Heat is a property of a body arismg from the 
motion or agitation of its parts ” And Newtonll asked ‘ Do not 

• Nevton himself [OpUeJca, p 349) suspected that light oorpuboles and 
ponderable matter might be transmuted into each other much later Boscovioh 
(Th»m%a pp 216, 217) regarded the mattei of light as a principle or element in 
the constitution of natural bodies 

Org Lab n Apbor xx % S£eohamcal FrodncUon of Meat and CoU 

§ Uxoog'ta^lwa p 37 || Optic/ a 

D 
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all fixed Bodies, when heated beyond a certain Degree emit 
hght and shme , and is not this Emission performed by the 
vibratmg Motion of their Parts ^ and moreo\ er suggested the 
con'^^rse of this namely that when hght is absorbed by a 
material body vibiations are set up which are perceived by the 
senses as heat 

The doctrine that heat is a material substance was mam 
tamed m Newton s hfetime by a certam school of chemists The 
most conspicuous member of the school was Wilhelm Homberg 
(5 1652 d 1715) of Pans who* identified heat and light with the 
mljplmreous prvTbcijple which he supposed to be one of the primary 
mgredients of all bodies and to be present even in the mter 
planetary spaces Between this view and that of Newton it 
might at first seem as if nothing but sharp opposition was to be 
expected -j* But a few years later the professed exponents of the 
Fnnapia and the OpHcJcs began to develop their system under 
the evident influence of Homberg s writings This evolution 
may easily be traced m s Gravesande whose starting-point is 
the admittedly Newtonian idea that heat bears to hght a 
relation similar to that which a state of turmoil bears to regular 
rectilmear motion , whence conceiving hght as a projection of 
corpuscles he mfers that in a hot body the matenal particles 
and the hght corpusclesj are in a state of agitation which 
becomes more violent as the body is more intensely heated 

s Gravesande thus holds a position between the two opposite 
camps On the one hand he interprets heat as a mode of 
motion 5 hut on the other he associates it with the presence of 
a particular kind of matter which he further identifies with the 
mattei of light After this the materiahstic hypothesis made 

*M6ni del Acad 1705 p 88 

t Though at leminds us of a cunous conjecture of Kewton s Is not the 
strength and -vioOur of the action "between light and sulphureous bodies one reason 
■w hy sulphureous bodies take fire more readily and burn more vehemently than 
other bodies do 

1 1 have thought it best to tianslate s Gi-avesande s tffms by hght cori)uscles ’ 
lliis IS I think fully justified by such of his statements as Quando tpits pe) 
hneas rectos cculos nosttos inti at exmotu qum fihis in fundo ocuh commumcat 
tdeam luminis excitat 
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lapid progress It was frankly advoeated by another member 
of the Dutch school Hermann Boerhaave* (h 1668 d 1738) 
Piofessor in the University of Leyden whose treatise on 
chemistry was translated into Enghsh in 1727 

Somewhat latei it was found that the heatmg effects of the 
rays from incandescent bodies may be separated from their 
luinmoiis effects by passmg the rays through a plate of glass 
which tiansmits the light but absorbs the heat After this 
discovery it was no longer possible to identify the matter of heat 
with the corpuscles of light , and the former was consequently 
accepted as a distinct element under the name of caloric t In 
the latter part of the eighteenth and early part of the nineteenth 
centuriesj caloric was generally conceived as occupying the 
;inteistices between the particles of ponderable matter — an idea 
which fitted in well with the observation that bodies commonly 
-expand when they aie absorbing heat but which was less com- 
petent to explam the fact^ thatwatei expands when freezing 
The lattei difficulty was oveicoine by supposnig the union 
between a body and the caloric absorbed in the process of 
melting to be of a chemical nature, so that the consequent 
changes in volume would be beyond the possibility of prediction 
As we have already remarked the imponderability of heat 
did not appear to the philosophers of the eighteenth century to 
be a suflicient reason foi excludmg it from the list of chemical 
elements , and in any case there was considerable doubt as to 
whether caloric was ponderable or not Some experimenters 
believed that bodies were heavier when cold than when hot , 
others that they were heavier when hot than when cold The 
-century was far advanced before Lavoisier and Enmford finally 

B lerhaave followed Homteig m supposing the mattei of beat to be present m 
all so called 7aouous spaces 

t Scheele in 1777 supposed caloric to be a compound of oxygen and phlogiston, 
and light to he oxygen combined with a greatei pioportion of phlogiston 

t In spite of the expeiinients of Benjamin ihompson, Count Ilumfoid {b 1763 
d 1814) in the closing yeais of the eighteenth ceiituij Ihobe should have 
sufficed to le establish the oldei conception of heat 
§ ihis had been known since the time of Boyle 

D 
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proved that the temperature of a body is without sensible 
influence on its weight 

Perhaps nothing m the history of natural philosophy is more 
amazing than the vicissitudes of the theory of heat The true 
hypothesis after having met with general acceptance throughout 
a century and having been approved by a succession of illus 
tnous men was dehberately abandoned by their successors 
m favour of a conception utterly false and m some of its 
developments grotesque and absurd 

We must now return to s Gravesande s book The pheno 
mena of combustion he explained by assuming that when a body 
is sufficiently heated the light corpuscles interact with the 
material particles some constituents being m consequence sepa 
rated and carried away with the corpuscles as flame and smoke 
Tins view harmomzes with the theory of calcination which had 
been developed by Becher and his pupil Stahl at the end of the 
seventeenth century accordmg to which the metals were sup 
posed to be composed of their calces and an element phlogiston 
The process of combustion by which a metal is changed mto its 
calx was interpreted as a decomposition in which the phlogiston 
separated from the metal and escaped mto the atmosphere, 
while the conversion of the calx into the metal was regarded as 
a union with phlogiston * 

s Gravesande attributed electric effects to vibrations induced 
in effluvia, which he supposed to be permanently attached to 
such bodies as amber Glass he asserted ' contams m it and 
has about its surface a certain atmosphere which is excited by 
Tnction and put into a vibratory motion , for it attracts and 

*The correct idea ct combustion had been adiauced by Hooke Ihe disso 
lution of inflammable bodies he asserts in the MtcropapJita is perfoimed by a 
substance inherent m and mixed with the air that is like if not the very same 
with that which is fixed in saltpetre But this statement met with little favour 
at the time and the doctrine of the compound nature of metals survived in full 
vigour until the discoveiy of oxygen by Priestley and Scheeie in 1771-5 In 1775 
Lavoisier reaffirmed Hooke a principle that a metallic calx is not the metal minus 
phlogiston hut the metal plus oxygen and this idea which earned with it the 
lecognition of the elementary nature of metals was generally accepted by the end. 
of the eighteenth century 
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repels light Bodies The smallest parts of the glass are agitated 
by the Attrition and by reason of their elasticity their motion is 
vibratory, which is communicated to the Atmospheie above 
mentioned and therefore that Atmosphere exerts its action the 
fuither the greater agitation the Parts of the Glass receive when 
a greater attrition is given to the glass 

The English translator of s Gravesande s work was himself 
destined to play a considerable part in the history of electrical 
science Jean Thdophile Desagnliers (b 1683, d 1744) was an 
Englishman only by adoption His father had been a Huguenot 
pastor, who escaping from Prance after the revocation of the Edict 
of Hantes bi ought away the boy from La Eochelle concealed, it is 
said in a tub The young Desaguhers was afterwards ordained 
and became chaplain to that Duke of Chandos who was so 
ungratefully ridiculed by Pope In this situation he formed 
friendships with some of the natural philosophers of the capital, 
and amongst others with Stephen Gray an experimenter of 
whom little is known* beyond the fact that he v as a pensioner 
of the Charteihouse 

111 1729 Gray communicated as he says-f* ‘ to Dr Desaguhers 
and some other Gentlemen a disco veiy he had lately made 
showing that the Elect: ick Vertue of a Glass Tube may be 
conveyed to any other Bodies so as to give them the same 
Property of attracting and repelhng light Bodies as the Tube 
does when excited by rubbmg and that this attractive Vertue 
might be carried to Bodies that were mauy Feet distant from 
the Tube ' 

This was a result of the greatest importance for previous 
workers had known of no other way of producing the attractive 
emanations than by rubbing the body concerned J It was found 

* Those ^ho are interested ie the literaiy histoiy of the eighteenth century will 
reciill the oontroveisy as to vvhether the veises on the death of Stephen Gnij were 
wiitten by Anna Williams whose name they bore oi by her pation Johnson 

I Phil Ixans xxxvii (1781) pp 18 227 286 397 

{ Otto von Guericke \b 1602 d 1686) had as a mattei of fact observed the 
conduction of electricity along a linen thread but this expeiiment does not seem 
to have been followed up Cf JExpeii imcnta nova magdehui gioa^ 1672 
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that only a limited class of substances among which the metals 
were conspicuous had the capacity of acting as channels for the 
transport of the electric power , to these Desaguliers who con 
tinned the experiments after Gray s death in 1736 gave* the 
name %on electrics or conductors 

After Gray s discovery it was no longer possible to believe 
that the electric effluvia are inseparably connected with the 
bodies from which they are evoked by rubbing , and it became 
necessary to admit that these emanations have an independent 
existence, and can he transferred from one body to another 
Accordingly we find them recognized under the name of the 
elects ic fluid f as one of the substances of which the world is 
constituted The imponderability of this fluid did not for the 
reasons already mentioned prevent its admission by the side of 
light and caloric mto the bst of chemical elements 

The question was actively debated as to whether the electric 
fluid was an element m% genens or, as some suspected, was 
another manifestation of that principle whose operation is seen 
m the phenomena of heat Those who held the latter view 
urged that the electric fluid and heat can both be induced by 
friction can both mduce combustion and can both be transferred 
from one body to another by mere contact , and moreover, that 
the best conductors of heat are also in general the best con 
ductors of electricity On the other hand it was contended that 
the electrification of a body does not cause any appreciable rise 
in its temperature, and an experiment of Stephen Grays 
brought to hght a yet more striking difference Gray,J in 1729, 
made two oaken cubes, one solid and the other hollow and 
showed that when electrified in the same way they produced 
exactly similar effects , whence he concluded that it was only 
the surfaces which had taken part in the phenomena Thus 
while heat is dissemmated throughout the substance of a body 
the electnc flmd resides at or near its surface In the middle of 

*Phil Trans xli (1739), pp 186 193, 200 209 Dxmrtation cmceinxng 
Mectricity 1742 

t The Cartesians defined a fluid to he a body -v^ hose minute parts are in a 
contmual agitation J Plnl Trans xxxvii p 35 
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the eighteenth century it was generally compared to an envelop- 
mg atmosphere The electricity which a non electric of great 
length (for example a hempen string 800 or 900 feet long) 
receives runs from one end to the other m a sphere of electrical 
Effluma says Desaguhers in 1740 and a report of the French 
Academy in 1733 says f ‘Around an electrified body there is 
formed a vortex of exceedmgly fine matter m a state of agitation 
which urges towards the body such light substances as he 
within its sphere of activity The existence of this vortex is 
more than a mere conjecture, for when an electrified body is 
brought close to the face it causes a sensation like that of 
encountering a cobweb I 

The report from which this is quoted was prepared in 
connexion with the discoveries of Charles FranQOis du Fay 
(6 1698, d 1739) superintendent of gardens to the Kmg of 
I ranee Du Fay^ accounted foi the behaviour of gold leaf when 
brought near to an electrified glass tube by supposing that at 
first the vortex of the tube envelopes the gold leaf and so attracts 
it towards the tube But when contact occurs the gold leaf 
acquires the electric virtue, and so becomes surrounded by a 
vortex of its own The two vortices, striving to extend m 
contrary senses repel each other, and the vortex of the tube, 
being the stronger, drives away that of the gold leaf “ It is 
then certam, ’ says du Fay,ll “ that bodies which have become 
electric by contact are repelled by those which have rendered 
them electric , but are they repelled hkewise by other electrified 
bodies of all kinds ^ And do electrified bodies differ from each 
other in no respect save their mtensity of electrification ? An 
examination of this matter has led me to a discovery which I 
should never have foreseen, and of which I believe no one 
hitherto has had the least idea 

* Phil Trans xli p 636 t Hist de 1 Acad , 1733 p 6 

X This observation had been made first by Hawksbee at the beginning of the 
century 

de lAcad des Sciences 1733 pp 23 73 233 467 1734, pp 341, 
603 1737 p 86 Phil lians xxxvm (1734) p 268 

||M6m de 1 Acad ,1733, p 464 
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He found in fact, that when gold leaf which had been 
electrified by contact with excited glass was brought near to an 
excited piece of copal* an aUmct%on was manifested between 
them I had expected ’’ he writes quite the opposite effect, 
since, aceordmg to my reasoning, the copal and gold-leaf which 
were both electrified should have lepelled each other ' 
Proceedmg with his experiments he found that the gold leaf 
when electrified and repelled by glass was attracted by all 
electrified resmous substances, and that when repelled by the 
latter it was attracted by the glass W e see then he continues 
‘ that there are two electricities of a totally difierent nature — - 
namely that of transparent sohds such as glass crystal &c 
and that of bitummous or resinous bodies such as amber copal, 
seahngwax, &c Each of them repels bodies which have 
contracted an electricity of the same nature as its own, and 
attracts those whose electricity is of the contrary nature We 
see even that bodies which are not^ themselves electrics can 
acquire either of these electricities, and that then their effects 
are similar to those of the bodies which have communicated it 
to them.’’ 

To the two kmds of electricity whose existence was thus 
demonstrated dii Fay gave the names vitreous and remious by 
which they have ever since been known 

An mterest m electrical experiments seems to have spread 
from du Fay to other members of the Court circle of Louis XV , 
and from 1745 onwards the Memoirs of the Academy contain a 
senes of papers on the subject by the Abbd Jean Antoine Xollet 
(b 1700, d 1770) afterwards preceptor m natural philosophy 
to the Royal Family Xollet attributed electric phenomena to 
the movement m opposite directions of two currents of a fluid, 
very subtle and mflammable,” which he supposed to be present 
m all bodies under all circumstances f When an electric is 
excited by friction part of this fluid escapes from its pores, 
forming an effluent stTedni, and this loss is repaired by an 

* A haid tianspaieat rosiu used in the prepaiation of yainish 
t Of Nollet $ ItecMrelies 1749 p 245 
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affluent stream of the same fluid euteimg the body from outside 
Light bodies in the vicmity, being caught m one or other of 
these streams are attracted or repelled from the excited electiic 
Nollet s theory was in great vogue for some tune , but six or 
seven years after its first publication its author came across a 
work purporting to be a French translation of a book printed 
originally in England describmg experiments said to have been 
made at Philadelphia in America, by one Benjamm Frankhn 
He could not at first believe as Franklm tells us in his 
Autobiography that such a work came from America, and said 
it must have been fabricated by his enemies at Pans to decry 
his system Afterwards having been assured that there really 
existed such a person as Frankhn at Philadelphia which he had 
doubted he wrote and published a volume of letters chiefly 
addressed to me, defending his theory and denying the venty 
of my experiments and of the positions deduced from them 
We must now trace the events which led up to the discovery 
which so perturbed Nollet 

In 1745 Pietei van Musschenbroek (& 1692 d 1761), 
Professor at Levden attempted to find a method of preserving 
electric charges from the decay v^hich was observed when the 
charged bodies were suirounded by air With this purpose he 
tried the effect of suiioundmg a charged mass of water by an 
cm elope of some non conductor eg, glass In one of his 
experiments a phial of water was suspended from a gun 
barrel by a wire let down a few inches into the water through 
the cork , and the gun barrel, suspended on silk Imes was 
applied so near an excited glass globe that some metallic fringes 
inserted into the gun barrel touched the globe in motion 
Under these circumstances a friend named Cunaeus who 
happened to grasp the phial with one hand, and touch the gun 
barrel with the other received a violent shock , and it became 
evident that a method of accumulating or intensifying the 
electiic power had been discovered* 

^ The discoveiy was made independently in tlie same year by Ewald Georg 
Ton Kleist Dean of Kummin 
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Shortly after the dasoovery of the Leyden fhml as it was 
uamed by NoUet had become known in England a London 
apothecary named William Watson (6 1715, d 1787j* noticed 
that when the experiment is performed m tins fashion the 
observer feels the shock m no other parts of his body but his 
arms and breast , whence he mferred that in the act of 
dischai^e there is a transference of something which takes the 
shortest or best conducting path between the gun barrel and 
the phial This idea of transference seemed to him to bear 
some similarity to ISTollets doctrme of afflux and efflux, and 
there can mdeed be little doubt that the Abba’s hypothesis 
though totally false m itself furnished some of the ideas from 
which Watson with the guidance of experiment, constructed 
a correct theory In a memoirf read to the Eoyal Society 
m October 1746 he propounded the doctrme that electrical 
actions are due to the presence of an electrical aether,*^ which 
in the charging or dischargmg of a Leyden jar is transferred but 
IS not created or destroyed The excitation of an electric, 
according to this view, consists not m the evokmg of anything 
from withm the electric itself without compensation, but in the 
accumulation of a surplus of electrical aether by the electric at 
the expense of some other body, whose stock is accordingly 
depleted All bodies were supposed to possess a certam natural 
store, which could be drawn upon for tbia purpose 

I have shewn, wrote Watson “that electricity is the 
effect of a very subtil and elastic flmd occupying all bodies in 
contact with the terraqueous globe, and that every where, in 
its natural state it is of the same degree of density, and that 
glass and other bodies which we denommate electrics peo s<s, 
have the power, by certam known operations, of takmg this fluid 
from one body and conveymg it to another, m a quantity 
suftcient to be obvious to aU our senses, and that under 

* Watson afteiwards rose to eminence m the medical profession, and was 
knighted 

t Ihil Trans xliv p 718 It may here be noted that it was Watson v^ho* 
improved the phial by coating it nearly to the top both inside and outside, with 
tinfoil 
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certain circumstances it was possible to render the electiicity in 
some bodies more rare than it naturally is and by communi- 
cating this to other bodies to give them an additional q[uantity, 
and make their electricity more dense ’ 

In the same year in which Watson’s theory was proposed ^ 
certain Dr Spence who had lately arrived m America from 
Scotland was showmg in Boston some electrical experunents 
Among his audience was a man who already at fortj years of 
age was recognized as one of the leading citizens of the English 
colonies m America Benjamm Franklin of Philadelphia \b 1706, 
d 1790) Spencers experiments were’ writes Franklin* 
imperfectly performed, as he was not very expert , but, being 
on a subject quite new to me they equally surprised and 
pleased me” Soon after this the * Library Company of 
Philadelphia (an mstitution founded by Frankhn himself) 
received from Mr Peter Collinson of London a present of a glass 
tube, with some account of its use In a letter written to 
Collinson on July 11th 1747 1 Fianklm described experiments 
made with this tube, and certain deductions which he had 
drawn from them 

If one person A, standmg on wax so that electiicity cannot 
pass from him to the ground, rubs the tube, and if another 
pel son B, likewise standing on wax, passes his knuckle along 
near the glass so as to receive its electricity, then both A and B 
will be capable of giving a spark to a third person C standing 
on the floor , that is, they will be electrified If, however, A 
and B touch each other, either during or after the rubbing, they 
will not be electrified 

This observation suggested to Franklin the same hypothesis 
that (unknown to him) had been propounded a few months 
previously by Watson namely, that electricity is an element 
present m a certain proportion in all matter in its normal 
condition , so that, before the riibbmg, each of the persons A, 
B, and 0 has an equal share The effect of the rubbnig is to 

* Franklm s Autobiography 

t Franklin s New Bxpei inmite and Observations on Blectrioity lettei ii 
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transfer some of As electricity to the glass whence it is 
transferred to B Thus A has a deficiency and B a superfluity 
of electricity , and if either of them approaches C, who has the 
normal amount the distribution will be equalized by a spaik 
If, howevei A and B are m contact electiicity flows between 
them so as to re estabhsh the origmal equahty, and neither is 
then electrified with reference to C 

Thus electricity is not created by rubbing the glass but 
only transferred to the glass from the rubber so that the 
rubber loses exactly as much as the glass gams , the total 
qiianUty of electT%c%ty %tb any mmlated system %s %'n'variahle This 
assertion is usually known as the ^Tinovple of conseTWtw7b of 
electric charge 

The condition of A and B in the experiment can evidently 
be expressed by plus and mmus signs A havmg a deficiency 
- e and B a superfluity + e of electricity Branklin at the 
commencement of his own experiments was not acquainted 
with du Fay^s discoveries , but it is evident that the electric 
fluid of Fra nk lin is identical with the vitreous electricity of 
du Fay and that du Fay’s resinous electricity is m Franklin’s 
theory, merely the deficiency of a stock of vitreous electricity 
supposed to be possessed naturally by all ponderable bodies 
In Frankhn s theory we are spared the necessity for admitting 
that two quasi material bodies can by their union annihilate each 
othei as vitreous and resinous electricity were supposed to do 

Some curiosity will naturally be felt as to the considerations 
which mduced Frankhn to attribute the positive character to 
vitreous rather than to resinous electricity They seem to have 
been founded on a compaiison of the brush discharges fioin 
conductors charged with the two electricities , when the 
electricity was lesmous the discharge was observed to spread 
over the surface of the opposite conductor ‘ as if it flowed from 
it Agam, if a Leyden jar whose inner coatmg is electrified 
vitreously is discharged silently by a conductor of whose pointed 
ends one is near the knob and the other neai the outer coating, 
the point which is near the knob is seen m the dark to be illumi 
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nated with a stai or globule while the point which is near the 
outei coating is illuminated with a pencil of rays, which 
suggested to Franklin that the electric fluid going from the 
inside to the outside of the jai, enters at the former point and 
issues fiom the latter And yet again, in some cases the flame 
of a wax taper is blown away fiom a brass ball which is 
disehaiging vitreous electricity, and towards one which is 
discharging resinous electricity But Franklin remarks that 
the interpietation of these observations is somewhat conjectural, 
and that whether vitreous or resinous electricity is the actual 
electric fluid is not certainly known 

Begarding the physical nature of electricity Franklin held 
much the same ideas as his eonteiiiporaries , he pictured it as 
an elastic* fluid, consisting of “ particles extremely subtile smce 
it can permeate common niattei even the densest metals, with 
such ease and freedom as not to receive any perceptible 
resistance’’ He departed however to some extent from the 
conceptions of his predecessois, who weie accustomed to ascribe 
all electrical lepnlsions to the diffusion of effluvia from the 
excited electiic to the body acted on , so that the tickling 
sensation which is expeiienced when a charged body is brought 
neai to the human face was attributed to a direct action of the 
effluvia on the skm This doctrine, which, as we shall see 
practically ended with Tianklin, bears a suggestive resemblance 
to that which nearly a century later was introduced by 
Faraday , both explained electrical phenomena without intro- 
ducing action at a distance, by supposing that somethmg which 
forms an essential part of the electrified system is present at 
the spot where any electric action takes place , but in the older 
theory this something was identified with the electric fluid 
itself, while in the modern view it is identified with a state of 
stress in the aether In the interval between the fall of one 
school and the rise of the other, the theory of action at a 
distance was dominant 

The germs of the last-mentioned theory may be found in 
e ) lepulsue of its owa pai tides 
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rranklin s own writings It originated in connexion with the 
explanation of the Leyden jar a matter which is discussed 
in his third letter to Colhnson of date September 1st 1747 
In chargmg the jar he says a quantity of electricity is taken 
away from one side of the glass by means of the coating 
m contact with it and an equal quantity is communi- 
cated to the other side by means of the other coating The 
glass itself he supposes to be impermeable to the electric 
fluid so that the deficiency on the one side can permanently 
coexist with the redundancy on the other, so long as the two 
sides are not connected with each other, but when a con- 
nexion IS set up the distribution of fluid is equalized through 
the body of the experimenter who receives a shock 

Compelled by this theory of the jar to regard glass as 
impenetrable to electric effluvia Trankhn was nevertheless well 
awaie* that the mterposition of a glass plate between an 
electrified body and the objects of its attraction does not shield 
the latter from the attractive mfluence He was thus driven to 
supposet that the surface of the glass which is nearest the 
excited body is directly affected and is able to exert an 

influence through the glass on the opposite surface , the latter 

surface which thus receives a kmd of secondary or derived 
excitement is responsible for the electric effects beyond it 

This idea harmonized admirably with the phenomena of 

the jar , for it was now possible to hold that the excess of 

electricity on the inner face exercises a repellent action through 
the substance of the glass and so causes a deficiency on the 
outer faces by dri\mg away the electricity from itj 

Franklm had thus arrived at what was really a theory of 
aetion at a distance between the particles of the electric fluid , 
and this he was able to support by other experiments Thus 
he writes § the stream of a fountam naturally dense and con- 
tinual when electrified wiH separate and spread in the form of 
^ brush every drop endeavourmg to recede from every other 

• New Ea,penments 1760 § 28 "t Jhd 1750, § 34 

t Jbid 1760 § 32 § Letter v 
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drop In order to account for the attiactioii between 
oppositely ehaiged bodies in one of which theie is an excess of 
electricity as compared with ordinal y mattei and in the other 
an excess of ordinary matter as compaiecl with electricity he 
assumed that though the particles of electrical matter do repel 
exch other they are strongly attracted by all other matter ’ , so 
that common matter is as a kind of spunge to the electrical 
fluid” 

These repellent and attractive powers he assigned only to 
the actual (vitreous) electric flind, and when later on the 
mutual repulsion of resmously electrified bodies became known 
to him * it caused him considerable perplexit} f As we shall see 
the difficulty was eventually removed bj Aepiiius 

In spite of his belief in the power of electricity to act at a 
distance Iranklin did not abandon the doctrine of effluvia 
‘ The form of the electiical atmosphere * he says I is that of the 
body it surrounds Ihis shape may be rendered visible in a still 
air, by raising a smoke from dry rosin dropt into a hot tea 
spoon under the electiified body which will be attracted and 
spread itself equally on all sides covering and concealing the 
body, And tins form it takes because it is attracted by aU 
parts of the surface of the body though it cannot enter the 
substance already replete Without this attraction it would 
not remain round the body but dissipate in the air” He 
observed, however that electrical effluvia do not seem to 
affect or be affected by, the air , since it is possible to breathe 
freely in the neighbourhood of electrified bodies , and moreover 
a current of dry air does not destroy electric attractions and 
repulsions § 

Eegarding the suspected identity of electricity with the 
matter of heat as to which Hollet had taken the affirmative 
position Franklin expressed no opinion Ooinmon hre, he 

• He refers to it in. his Papei read to the Rofal Society Decembei 18 
t Of letters xxxvii and xxxviu, dated 1761 and 1762 
J WJsM? JSjDpenmenti 1760, J 16 
{ Lettei vn, 1751 
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■writes * IS in all todies more or less as well as electrical fire 
Perhaps they may te ditferent modifications of the same 
element, or they may be different elements The latter is by 
some suspected If they are different things yet they may and 
do subsist together m the same body ” 

Pranklm’s work did not at first lecei've fiom European 
philosophers the attention which it deseived , although Watson 
generously endea'voured to make the colomal ■writer’s merits 
known t and inserted some of Franklin s letters m one of his own 
papers communicated to the Eoyal Society But an account of 
Franklms discoveries which had been printed in England 
happened to fallmto the hands of the naturalist Buffon, who was 
so much impressed that he secured the issue of a French transla 
tion of the work, and it was this pubhcation which as we have 
seen gave such offence to FTollet The success of a plan proposed 
by Frankhn for drawmg lightning from the clouds soon engaged 
pubhc attention everywhere, and in a short tune the triumph 
of the onejlmd theory of electncity as the hypothesis of 
Watson and Frankhn is generally called was complete Nollet, 
who was obdurate ‘ hved to see hunself the last of his sect 
except Monsieur B— of Pans his 41eve and immediate 
disciple I 

The theory of effluvia was finally overthio^wn, and replaced 
by that of action at a distance by the labours of one of 
Frankhn s contmental followers Francis Ulrich Theodore 
Aepinus§ {h 1724 d 1802) The doctnne that glass is 
impermeable to electricity which had formed the basis of 
Frankhn s theory of theLeyden phial was generalized by AepinusH 
and his co worker Johann Kail Wilcke (6 1732 d 1796) 
mto the law that aH non-conductors are impermeable to the 

* Lettei T 

tPhil irans xlvu p 20*^ Batson agreed with Nollet m rejecting Prankhu^s 
theory of the impermeability of glass 

J Franklin s Aut6b\ogra<g%y 

§ This philosopher s surname had been hellemzed fiom its original form 
to anreipos by one of his ancestors, a distinguished theologian 

II F T T Aepinus Tentamen Thm%a&> Mccbmtatxs et Magnet%mi 
St Peteibhurg 1769 
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electric fluid That this apphes even to air they proved by 
constructing a machine analogous to the Leyden jar m which 
however air took the place of glass as the medium between 
two oppositely charged surfaces The success of this expen 
ment led Aepmus to deny altogether the existence of electric 
effluvia surrounding charged bodies * a position which he 
regarded as strengthened by Trankhns observation that the 
electric field in the neighbourhood of an excited body is not 
destroyed when the adjacent air is blown away The electno 
fluid must therefore be supposed not to extend beyond the 
excited bodies themselves The experiment of G-ray to which 
we have already referred, showed that it does not penetrate 
far into their substance, and thus it became necessary to 
suppose that the electric fluid in its state of rest is con- 
fined to thin layers on the surfaces of the excited bodies 
This bemg granted the attractions and repulsions observed 
between the bodies compel us to believe that electricity acts 
at a distance across the mtervemng air 

Smce two vitreously charged bodies repel each other the 
foice between two particles of the electric fluid must (on 
Franklin s one fluid theory, which Aepmus adopted) be 
repulsive and smce there is an attraction between oppositely 
charged bodies the force between electncity and ordinary 
matter must be attractive These assumptions had been made, 
as we have seen by Franklin, but in order to account for 
the repulsion between two resinously charged bodies Aepmus 
mtroduced a new supposition — namely that the particles 
of ordmary matter repel each other This at first startled 
his contemporanes , but as he pointed out the “ unelectrified 
matter with which we are acquainted is really matter saturated 
with its natural quantity of the eleetnc fluid and the forces 
due to the matter and fluid balance each other , or perhaps, 
as he suggested a shght want of equahty between these 
forces might give as a residual, the force of gravitation 
Assuming that the attractive and repellent forces mcrease as 

* This was also maintnined about the same time by Giacomo Battista Beccaiia 
of Turin (5 1716 d 1/81) 

E 
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the distance hetween the acting charges decreases Aepmus 
apphed his theory to explain a phenomenon which had been 
more or less mdefimtely observed by manj previous writers and 
specially studied a short time previously by John Canton* 
(S 1Y18 d 1772) and by Wdcket — namely that if a conductor 
is brought mto the neighbourhood of an excited body without 
actually touching it the remoter portion of the conductoi 
acquires an electric charge of the same kmd as that of the 
excited body while the nearer portion acquires a charge of the 
opposite kmd T his effect which is known as the induction, of 
electric charges had been explamed by Canton himself and by 
FranklmJ in terms of the theory of electric effluvia Aepmus 
showed that it followed naturally from the theory of action at a 
distance by taking mto account the mobihty of the electric fluid 
m conductors , and by discussing different cases so far as was 
possible with the means at his command he laid the foundations 
of the mathematical theory of electrostatics 

Aepmus did not succeed m determmmg the law according to 
which the force between two electric charges varies with the 
distance between them , and the honour of havmg first accom- 
plished this belongs to Joseph Priestley (b 1733 d 1804), the 
discoverer of oxygen Priestley who was a friend of Franklm s 
had been mformed by the latter that he had found cork balls to 
be wholly unaffected by the electricity of a metal cup withm 
which they were held , and Pranklm desired Priestley to repeat 
and ascertain the fact Accordmgly on December 21st 1766 
Priestley instituted experiments which showed that when a 
hollow metalhc vessel is electrified there is no charge on the mner 
surface (except near the openmg) and no electric force m the air 
mside Prom this he at once drew the correct conclusion which 
was published in 1767 § ‘ May we not infer, he says from 

♦Phil IranB xlvm (17o3) p 350 

t D\.8putat%o physica experi7nentaUs de electr%(^tatibm contrams Rostock, 1757 

X In Ills paper lead to the Royal Society on Deo 18th l76o 

§J Pries^-ley The Sistoty md Ptesent State of EUctrxcity with Ongxnal 
Pxpetxmejus London 1767 page 732 lhat electiical attraction follows ihe 
law of the inverse square had been suspected by Daniel Beinoulli in 1760 Of 
Socin s Lxpeiiuienta, A ta Eelvettca^ iv p 214 
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this expenment that the attraction of electricity is subject to 
the same laws with that of gravitation, and is therefore according 
to the sq^uares of the distances , since it is easily demonstrated 
that were the earth m the form of a shell a body m the mside 
of it would not be attracted to one side more than another ? 

This brilliant inference seems to have been insufficiently 
studied by the scientific men of the day , and mdeed its author 
appears to have hesitated to claim for it the authority of a com 
plete and rigorous proof Accordmgly we find that the question 
of the law of force was not regarded as finally settled for eighteen 
years afterwards * 

By Branklm s law of the conservation of electric charge and 
Priestley s law of attraction between charged bodies electricity 
was raised to the position of an exact science It is impossible 
to mention the names of these two friends m such a connexion 
without refiecting on the curious parallelism of their li\es In 
both men there was the same combination of mtellectual bold 
ness and power with moral earnestness and pubhc spiiit Both 
of them earned on a long and tenacious struggle with the reac 
tionaiy influences which dominated the Enghsh Government in 
the leign of George III , and both at last when overpowered in 
the conflict reluctantly exchanged their native flag for that of 
the United States of America The names of both have been 
held m honour by later generations not more for their 
scientific discoveries than for their services to the cause of 
religious, intellectual, and pohtical freedom 

The most celebrated electrician of Priestley s contemporaries 
m London was the Hon Henry Cavendish (& 1731, A 1810), 
whose mterest in the subject was mdeed hereditary for his 
father. Lord Charles Cavendish, had assisted m Watson s experi 
ments of 1747 1 Idl 1*771 Cavendish} presented to the Eoyal 
Society an * Attempt to explain some of the prmcipal phenomena 
of Electricity, by means of an elastic flmd The hj pothesis 

* In 1769 Dr Jolia E-obison (5 1739 e 1806) of Edinburgh endeavoured to 
deteimiiie the law of force by direct expenment and found it to be that of the 
inveiee 2 06^^ power of the distance 
tPhil Trans xlv, p 67 (1760) 


{Phil Trans Ixi p 584 (1/71) 
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adopted is that of the oae fluid theory in much the same form 
as that of Aepmus It was as he tells us discovered ludepen 
dently, although he became acquamted with Aepmus work 
befoie the puhheation of his own paper 

In this memoir Cavendish makes no assumption regarding 
the law of force between electric charges except that it is 
mversely as some less power of the distance than the cube > 
but he evidently inclmes to beheve m the law of the inverse 
square Indeed he shows it to be likely that if the electric 
attraction or repulsion is inversely as the square of the distance, 
almost all the redundant fluid m the body will be lodged close 
to the surface and there pressed close together, and the rest of 
the body will be saturated , which approximates closely to the 
discovery made four years previously by Priestley Cavendish 
did, as a matter of fact rediscover the mverse square law shortly 
afterwards, but mdifferent to fame he neglected to communicate 
to others this and much other work of importance The value of 
his researches was not reahzed until the middle of the nmeteenth 
century when "William Thomson (Lord Kelvm) found in Caven- 
dish s manuscripts the correct value for the ratio of the electric 
charges carried by a circular disk and a sphere of the same radius 
which had been placed in metalhc connexion Thomson urged 
that the papers should be pubhshed , which came to pass* in 
1879 a hundred years from the date of the great discoveries 
which they enshrnied It was then seen that Cavendish had 
anticipated his successors in several of the ideas which will 
presently be discussed — amongst others those of electrostatic 
capacity and specific mductive capacity 

In the published memoir of 1771 Cavendish worked out the 
consequences of his fundamental hypothesis more completely 
f.ViflTi Aepmus , and, in fact virtually introduced the notion of 
electric potential, though m the absence of any definite assump- 
tion as to the law of force it was impossible to develop this idea 
to any great extent 

* The Mectneal Reseaiches of the Eon Eenry Cavendxsh^ edited by J Cleik 
Maxwell 18/9 
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One of the investigations with which Cavendish occupied 
himself was a comparison between the conducting powers of 
different materials for electrostatic dischaiges The question 
had been first raised by Beccaria who had shown* in 1753 that 
when the circuit through which a discharge is passed contains 
tubes of water the shock is more powerful when the cross section 
of the tubes is increased Cavendish went into the matter 
much more thoroughly and was able in a memoir presented to 
the Eoyal Society m 1775, f to say * It appears from some 
experiments, of which I propose shortly to lay an account before 
this Society, that iron wire conducts about 400 million times 
better than rain or distilled water — that is, the electricity meets 
with no more resistance in passing through a piece of iron wire 
400 000 000 inches long than through a column of water of the 
same diameter only one inch long Sea water or a solution of 
one part of salt in SO of water conducts 100 times or a saturated 
solution of sea salt about 720 times better than rain water 
The promised account of the experiments was published in 
the volume edited in 1879 It appears from it that the method 
of testing by which Cavendish obtained these results was 
simpl> that of physiological sensation, but the figures given 
in the comparison of iron and sea water are remarkabl} exact 
While the theory of electricity was being established on a sure 
foundation by the great investigators of the eighteenth century, 
a no less remarkable development was takmg place in the 
kindred science of magnetism to which our attention must now 
be directed 

The law of attraction between magnets was investigated at 
an earlier date than the correspondmg law for electrically 
charged bodies Newton, in the Prmcipia t says “ The power of 
gra\ity IS of a different nature from the power of magnetism 
Tor the magnetic attraction is not as the matter attracted 
Some bodies are attracted more by the magnet others less , most 
bodies not at all The power of magnetism, in one and the same 

B Beccaua Dell elettncismo mtiJiGtale e natu7ale Turin 17')3 p 113 
'+'Phil Trans lx■^a(l776) p 196 J Book m 3*iop ti oor 6 
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tody may te increased and diminished , and is sometnnes far 
stronger for the quantity of matter than the power of gravity , 
and in receding from the magnet decreases not in the dnphcate 
tut almost m the triplicate proportion of the distance as nearly 
as I could judge from some rude otser\ ations 

The edition of theP'?^%fi^J5m which was published in 1742 ty 
Thomas Le Seur and Francis Jacqnier contains a note on this 
corollary in which the correct result is obtamed that the 
directive couple exercised on one magnet hy another is 
proportional to the inverse cute of the distance 

The first discoverer of the law of force between magnetic 
poles was John Michell (& 1724 d 1793) at that time a young 
Fellow of Queen’s College Cambridge* who in 1750 published 
A TreaUse of AHifioml Magnets , in which is shown an easy 
and expeditious method of making them superior to the lest 
TWbHral ones In this he states the principles of magnetic 
theory as followst — 

Wherever any Magnetism is found whether m the Magnet 
itself or any piece of Iron etc excited by the Magnet there are 
always found two Poles which are generally called North and 
South , and the North Pole of one Magnet always attracts the 
South Pole and repels the North Pole of another and we versa ’ 
This IS of course adopted from G-ilbert 

Each Pole attracts or repels exactly equally at equal 
distances in every direction This it may be observed over 
throws the theory of vortices with which it is irreconcilable 
The Magnetical Attraction and Eepulsion are exactly equal to 
each other ” This obvious though it may seem to us was really 
a most important advance for as he remarks ‘ Most people who 

^Mickell had taken iis degree only tw o years pieviously Later in life he yyas 
on terms of friendship \Mth Puestley Cavendish and William Heischel it "v^as 
he -who taught Heischel the ait of gimding miiiois foi telesLopes The plan of 
determining the density of the eaith yvhich y as earned out by Cavendish in 1798, 
and is generally knoyrn as the Cavendish Experiment was due to Michell 
Michell was the first inventoi of the toi sion balance he also made many valnahle 
contributions to Astronomy In 1767 he became Bectoi of Thornhill Toiks, 
and lived there until his death 
t Loc cit , p 17 
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have mention'd any thing relating to this property of the Magnet 
have agreed not only that the Attraction and Repulsion of 
Magnets are not ec[ual to each other but that also, they do not 
observe the same rule of increase and decrease ’ 

The Attraction and Repulsion of Magnets decreases as the 
Sq[uares of the distances from the respective poles increase" 
This great discovery which is the basis of the mathematical 
theory of Magnetism was deduced partly from his own observa- 
tions and partly from those of previous investigators (eg 
Dr Brook Taylor and P Muschenbroek) who as he observes^ 
had made accurate experiments but had failed to take into 
account all the considerations necessary for a sound theoretical 
discussion of them 

After MicheU the law of the mverse square was mamtained 
by Tobias Mayer* of Gottingen (5 1723 c? 1762) better known 
as the author of Lunar Tables which were long in use , and by 
the celebrated mathematician Johann Heinrich Lambertf (& 
1728, d. 1777) 

The promulgation of the one fluid theoiy of electricity, in 
the middle of the eighteenth century naturally led to attemptsi 
to construct a similar theory of magnetism , this was effected in 
1759 by AepinusJ, who supposed the ‘‘ poles to be places at 
which a 7 )fiagn&hc fluid was present m amount exceeding or 
falhng short of the normal quantity The permanence of 
magnets was accounted for by supposing the fluid to be entangled 
m their pores so as to be with difficulty displaced The particles 
of the fluid were assumed to repel each other, and to attract the 
particles of iron and steel , but, as Aepinus saw in order to satis- 
factorily explain magnetic phenomena it was necessary to assume 
also a mutual repulsion among the material particles of the 
magnet 

Subsequently two imponderable magnetic fluids to which 

* Noticed in. Gottxnge'i GeUhter Amexger 1760 cf Aepinus Nov Qomm 
Acad PeU op 1768 and Mtyer s heiausg von G- 0 Lichtenterg 

f Sistoii e de I Acad dePetlm 1766 pp 22 49 
t In the Tentamen to which leferenoe has already been made 
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the names loreal and austral were assigned were po&tulated by 
the Hollander Anton Brugmans (6 1732, d 1789) and by 
Wilcke These fluids were supposed to have pioperties of 
mutual attraction and repulsion similar to those possessed by 
vitreous and lesmous electricity 

The writer who next claims our attention for his services 
both to magnetism and to electricity is the Trench physicist, 
Charles Augustin Coulomb* (6 1736, d 1806) By aid of the 
torsion-balance which was independently invented by Michell 
and himself he verified in 1785 Priestley s fundamental law 
that the repulsive force between two small globes chaiged with 
the same kmd of electricity is in the inverse latio of the square 
of the distance of their centres In the second memoir he 
extended this law to the attraction of opposite electricities 

Coulomb did not accept the one fluid theoiy of Franklin, 
Aepinus, and Cavendish but preferred a rival hypothesis which 
had been proposed in 1759 by Eobert Symmer t “ My notion,'’ 
said Symmer is that the operations of electricity do not depend 
upon one smgle positive power according to the opinion generally 
received, but upon two distinct positive and active powers, 
which by contrasting and as it were, counteractmg each other, 
produce the various phenomena of electricity , and that, when a 
body IS said to be positively electrified, it is not simply that it is 
possessed of a larger share of electric matter than in a natural 
state , nor when it is said to be negatn ely electrified of a less , 
but that in the former ease it is possessed of a larger portion 
of one of those active powers and in the latter of a larger 
portion of the other , while a body in its natuial state remains 
unelectiified from an equal ballance of those two powers within 
It” 

Coulomb developed this idea Whatever be the cause of 
electricity he saysj we can explain all the phenomena by 

* Coulomb sFiist Second and Third Meinoiis appeal in M6moiies de 1 Acad , 
178o thePouithinl786 the Fifth in 1/87 the Sixth m 1788 and the Seventh, 
in 1789 

t Phil liaiif* h (1759) p 371 


t Sixth Mtnioii p 661 
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supposing that there are two electric fluids the parts of the 
same fluid repelling each other according to the inverse square 
of the distance, and attracting the parts of the other fluid 
according to the same inverse square law The supposition 
of two fluids he adds is moreover in accord with all those 
discoveries of modern chemists and physicists which have made 
known to us various pairs of gases whose elasticity is destroyed 
by their admixture in certain proportions — an effect which could 
not take place without something equivalent to a repulsion 
between the parts of the same gas which is the cause of its 
elasticity and an attraction between the parts of different 
gases which accounts for the loss of elasticity on combmation 
According, then to the two-fliud theory the natural fluid ' 
contained m all matter can be decomposed, under the influence 
of an electric field into equal quantities of vitreous and 
resinous electricity which if the matter be conducting can then 
fly to the surface of the body The abeyance of the characteristic 
properties of the opposite electricities when in combination was 
sometimes further compared to the neutrahty manifested by 
the compound of an acid and an alkali 

Ihe publication of Coulomb’s views led to some controversy 
between the paitisans of the one fluid and two fluid theories, the 
latter was soon generally adopted in France, but was stoutly 
opposed in Holland by Van Marum and in Italy by Volta 
The chief difference between the rival hypotheses is that, m the 
two fluid theory both the electric fluids are movable within the 
substance of a solid conductor, while in the one-fluid theory the 
actual electric fluid is mobile but the particles of the conductor 
are fiied The dispute could therefore be settled only by a deter- 
mination of the actual motion of electricity in discharges , and 
this was beyond the reach of experiment 

In his Fourth Memoir Coulomb showed that electricity m 
equilibrium is confined to the surface of conductors and does 
not penetrate to their interior substance , and in the Sixth 
Memoir^ he virtually establishes the result that the eleetric 

* Page 677 
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force near a conductor is proportional to the surface density of 
electrification 

Since the o\ erthrow of the doctrine of electric effluvia by 
Aepmus the aim of electricians had been to establish their 
science upon the foundation of a law of action at a distance, 
resembhng that which had led to such triumphs in Celestial 
Mechanics When the law first stated by Priestley was at* 
length decisively established by Coulomb its simplicity and 
beauty gave rise to a general feeling of complete trust in it as 
the best attainable conception of electrostatic phenomena 
The result was that attention was almost exclusively focused 
on action at a-distance theories, until the time, long afterwardSy 
when Faraday led natural philosophers back to the light 
path 

Coulomb rendered great services to magnetic theory It was 
he who in 1777 by simple mechanical reasoning, completed 
the overthrow of the hypothesis of vortices * He also in the 
second of the Memoirs already quoted t confirmed Michell s 
law accordmg to which the particles of the magnetic fluids 
attiact or repel each other with forces proportional to the 
inverse square of the distance Coulomb however went beyond 
this and endeavoured to account for the fact that the two- 
magnetic fluids unlike the two electric fluids cannot be 
obtained separately , for when a magnet is broken into- 
two pieces one contammg its north and the other its south 
pole it IS found that each piece is an independent magnet 
possessing two poles of its own so that it is impossible 
to obtain a north or south pole in a state of isolation 
Coulomb explamed this by supposing^ that the mag- 
netic fluids are permanently imprisoned within the molecules* 
of magnetic bodies so as to be incapable of crossing from 
one molecule to the next , each molecule therefore under all 
circumstances contams as much of the boreal as of the 

^ Mem p'i esemes par dim s Bavans ix (1780) p 166 

f Mem de 1 Acad 178o p o93 Giuias finally established the law by a 
much mo e lefined method 

t In his Seyenth Memoir Mem de 1 Acad 1789 p 4S8 
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austral fluid and magnetization consists simply in a separation 
of the two fluids to opposite ends of each, molecule Such 
a hypothesis evidently accounts for the impossibility of 
separating the two fluids to opposite ends of a body of finite 
size The same idea here introduced for the first time has. 
smce been applied with success in other departments of 
electrical philosophy 

In spite of the advances which have been recounted 
the mathematical development of electric and magnetic theory 
was scarcely begun at the close of the eighteenth century , and 
many erroneous notions were still widely entertained In a 
Report* which was presented to the French Academy in 1800 
it was assumed that the mutual repulsion of the particles of 
electricity on the surface of a body is balanced by the 
resistance of the surrounding air, and for long afterwards 
the electric force outside a charged conductor was confused 
with a supposed additional pressure m the atmosphere 

Electrostatical theory was however suddenly advanced to 
quite a mature state of development by Simtoii Denis Poisson 
(J 1781, (Z 1840), in a memoir which was read to the French 
Academy in 1812 1 As the opening sentences show he accepted 
the conceptions of the two fluid theory 

The theory of electricity which is most generally accepted 
he says, “ is that which attributes the phenomena to two 
different fluids, which are contained in all material bodies | 
It IS supposed that molecules of the same fluid repel each 
other and attract the molecules of the other fluid , these 
forces of attraction and repulsion obey the law of the inverse 
square of the distance , and at the same distance the attractive 
power IS equal to the repellent power , whence it follows 
that when all the parts of a body contain equal quantities 
of the two fluids the latter do not exert any influence on 
the fluids contained in neighbouring bodies and consequently 
no electrical effects are discernible This equal and unifoini 


* On Toll a s <iiaeo\eiies 

t Mem dellnstitut 1811 Parti p 1 Partn p 163 
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distribution of the two fliuds is called the natural state , when this 
state IS disturbed in any body, the body is said to be eUctT%fied^^ 
and the various phenomena of electricity begin to take place 

Material bodies do not all behave in the same way with 
respect to the electric fluid some such as the metals, do 
not appear to exert any mfluence on it but peimit it to 
move about freely in their substance, for this reason they 
are called conductors Others on the contrary — very drj air, 
for example — oppose the passage of the electric fiiud in their 
Intel lor so that they can prevent the fluid accumulated m 
conductors from being dissipated throughout space 

When an excess of one of the electric fluids is communi- 
cated to a metallic body this charge distributes itself over the 
surface of the body forming a layer whose thickness at any 
point depends on the shape of the surface The resultant force 
due to the repulsion of all the particles of this surface-layei 
must vanish at any pomt m the mterior of the conductor since 
otherwise the natural state existing there would be disturbed , 
and Poisson showed that by aid of this pimciple it is possible 
in certain cases to determine the distribution of electricity m 
the surface layer For example a well known proposition of 
the theory of Attractions asserts that a hollow shell whose 
bounding surfaces are two similar and similarly situated 
ellipsoids exercises no attractive force at any point within the 
interior hollow, and it may thence be inferred that, if an 
electrified metallic conductor has the form of an ellipsoid the 
charge will be distributed on it propoitionally to the normal 
distance from the surface to an adjacent similar and similarly 
situated elhpsoid 

Poisson went on to show that tins lesult was by no means all 
that might with advantage be bon owed from the theory of 
Attractions Lagiange in a memoir on the motion of gravitating 
bodies had shown* that the components of the atti active force 

Mem deBe)lm 1/77 The theoiem was after\^ aids published and ascribed 
to Laplace, in a memoir by Leo-eudre on the Attractions of Spbexoids which will 
be found in the Mem pai divers Savans publislied in ITS*) 
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at any point can be simply expressed as the deriyates of the 
function which is obtained by adding together the masses of all 
the particles of an attractmg system each dmded by its 
distance from the point, and Laplace had shown* that this- 
function V satisfies the equation 

dV 

ar* dz 


m space free from attracting matter Poisson himself showed 
later in 1813 1 that when the point (x yy z) is within the 
substance of the attracting body this equation of Laplace must 
be replaced by 


^ U UT 

dx aa*‘ 


- 47r/o 


where p denotes the density of the attractmg matter at the 
point In the present memoir Poisson called attention to the 
utihty of this function F in electrical investigations remarkmg 
that its value over the surface of any conductor must be 
constant 

The known formulae for the attractions of spheroids show 
that when a charged conductor is spheroidal the repellent force 
acting on a small charged body immediately outside it will be 
directed at right angles to the surface of the spheroid and will 
be proportional to the thickness of the surface layer of electricity 
at this place Poisson suspected that this theorem might be 
true for conductors not having the spheroidal form — a result 
which as we have seen, had been already virtually given by- 
Coulomb, and Laplace suggested to Poisson the followmg 
proof applicable to the general case The force at a point 
immediately outside the conductor can be divided into a 
part s due to the part of the charged surface immediately 
adjacent to the point, and a part £> due to the rest of 
the surface At a point close to this but just inside the con- 
ductor the force S will still act, but the force s will evidently 


* M6m delAoad 1782 (published m 178 o) p 113 
t Bull delaSoc PhilomathKitie in (1813) p 388 
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be reversed in direction Since the resultant force at the latter 
point vanishes we must have S=s, so the lesultant force at the 
exterior point is 2s But s is proportional to the charge per 
unit aiea of the surface as is seen by considering the case of 
an infinite plate , which estabhshes the theorem 

When several conductors are in presence of each other the 
distribution of electricity on their siu faces may be determmed 
by the principle which Poisson took as the basis of his work, 
that at any point m the interior of any one of the conductors, 
the resultant force due to all the surface layers must be zero 
He discussed m particular one of the classical problems of 
electrostatics— namely that of determimng the surface density 
on two charged conducting spheres placed at any distance from 
each other The solution depends on Double Gamma Punctions 
in the general case, when the two spheres are in contact it 
depends on ordmaiy Gamma Functions Poisson gave a solution 
m terms of defimte mtegrals, which is equivalent to that m 
terms of Gamma Functions , and after reducing his results to 
numbers compared them with Coulomb s experiments 

The rapidity with which m a smgle memoir Poisson passed 
from the barest elements of the subject to such recondite 
problems as those just mentioned may well excite admiration 
Ills success IS no doubt partly explained by the high state of 
development to which analysis had been advanced by the great 
mathematicians of the eighteenth century, but even after 
allowance has been made for what is due to his predecessors 
Poisson s investigation must be accounted a splendid memorial 
of his genius 

Some years later Poisson turned his attention to magnetism , 
and in a masterly paper* presented to the French Academy m 
1824 gave a remarkably complete theory of the subject 

His starting pomt is Coulomb s doctrine of two imponderable 
magnetic fluids arismg from the decomposition of a neutral 
fluid, and confined m their movements to the mdividual elements 


* Mem del Ac id v p i-l? 
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of the magnetic body so as to be mcapable of passing from one 
element to the next 

Suppose that an amount m of the positive magnetic fluid is 
located at a point {x y z), the components of the 'niagiictio 
iTdeimty or force exeited on unit magnetic pole at a point 
ri, Q will evidently he 


0 fl 
-m — l- 


- m ■ 


0/1 


m 


S /I 




" dr)\ 

where r denotes {(^-x) + (n - i/Y + (Z - z) ]i Hence if we 
consider next a magnetic element m which equal quantities of 
the two magnetic fluids aie displaced fiom each othei parallel 
to the X axis the components of the magnetic intensity at 
(? >) Q will be the negative deiivates with respect to f ^ 
respectively of the function 

. 3/1 


dx \r 

where the quantity A which does not involve (| ?) may be 

called the magnetic moment of the element it may be measiued 
by the couple required to maintain the element m equilibrium 
at a definite angular distance from the magnetic meiidian 
If the displacement of the two fluids from each other in the 
element is not parallel to the axis of x, it is easily seen that the 
expression corresponding to the last is 
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where the vector {A £ 0) now denotes the magnetic moment 
of the element 

Thus the magnetic intensity at an external point (? y Z,) 
due to any magnetic body has the components 


where 
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integrated throughout the substance of the magnetic body, and 
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where the vector {A, B <J) ox 1 repre^ei|ts the magnetic moment 
per unit volume or as it is generally called the magnetization 
The function V was afterwards named by G-reen the magnetic 
potential 

Poisson by integrating by parts the preceding expression for 
the magnetic potential obtained it in the foim 


F = 


0 



div I dx dy dz^ 


the first integral being taken over the suiface S of the magnetio 
body, and the second mtegial being taken throughout its volume 
This formula shows that the magnetic intensity iiroduced by the 
body m external space is the same as would be produced by a 
fictitious distribution of magnetic fluid consisting of a layei 
over its surface, of surface charge (I dS) per element dS 
together with a volume distribution of density - div I through- 
out its substance These fictitious magnetizations are generally 
known as Pomm s equimlent surface and volume distmhutions 
of magnetism 

Poisson, moreover perceived that at a pomt m a very small 
cavity excavated within the magnetic body the magnetic 
potential has a limiting value which is mdependent of the shape 
of the cavity as the dimensions of the cavity tend to zero , but 
that this IS not true of the magnetic intensity which in such a 
small cavity depends on the shape of the cavity Taking the 
cavity to be spherical he showed that the magnetic intensity 
within it IS 

grad V 4 f 

where I denotes the magnetization at the place 


^ If the components of a yector a are denoted by (a ay a) the quantity 
4 ayhy 4 a ^ is called the scalai product of two vectors a and b and is denoted 
by (a b) 

Xhe quantity ^ ^ called the d%veig$nce of the vector a and is 

denoted hy div a 


t The veclor whose components aie 
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dr 
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18 denoted by grad V 
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This memoir also contains a discussion of the magnetism 
temporarily induced m soft non and other magnetizable metals 
by the approach of a permanent magnet Poisson accounted for 
the properties of temporary magnets by assuming that they 
contain embedded in their substance a great number of gmall 
spheres, which are perfect conductois for the magnetic fluids , so 
that the resultant magnetic intensity in the interior of one of 
these small spheres must be zero He showed that such a sphere 
when placed in a held of magnetic intensity F,* must accLuire a 

magnetic moment of amount ^ F x the volume of the sphere, 

in order to counteract within the sphere the force F Thus if 
hp denote the total volume of these spheres contained withm a 
unit volume of the temporary magnet the magnetization wiU be 
I where ^ttI = F 

and F denotes the magnetic intensity within a spherical cavity 
excavated m the body This is Pomon s law ofmduced magnet'mi 
It IS known that some substances acquire a greater degree 
of temporary magnetization than others when placed m the 
same circumstances Poisson accounted foi this by supposing that 
the quantity hp vanes from one substance to another But the 
experimental data show that for soft iron Kp must have a value 
very near unity which would obviously be mipossible if kp is to 
mean the ratio of the volume of spheres contained within a 
region to the total volume of the region t The physical mter 
pretation assigned by Poisson to his formulae must therefore be 
rejected although the formidae themselves retam their value 
Poissons electrical and magnetical investigations were 
generalized and extended in 1828 by George GreenJ (5 I'lQS, 
d 1841) Green s treatment is based on the properties of the 
function already used by Lagrange Laplace and Poisson, which 

* In tlie present woik vectois will generally be distinguished by heavy type 
t Tins obj ection was advanced by Maxwell in § 430 of his Treat%se An attempt 
to oveicome it was made by Betti of p 377 of his Lessons on the Potential 
%An essay on the application of mathematical analysis to the theories oj electricity 
andmagnehsm Nottingham, 1828 reprintedin The Mathematical Lapeis of the late 
George Ch een^ p 1 

F 



66 Eleciytc and Magnehc Science 

represents tbe sum of all the electric or magnetic charges in the 
field divided hy their respective distances from some gi\en pomt 
to this function Green gave the name potewtial by which it has 
always smce been known * 

Near the beginning of the memoir is established the 
celebrated formula connecting surface and volume mtegrals, 
which IS now generally called &reen s Tlieorem, and of which 
Poisson s result on the equivalent surface and volume-distnbu 
tions of magnetization IS a particular apphcation By usmg 
this theorem to investigate the properties of the potential 
Green arrived at many results of remarkable beauty and 
interest "We need only mention as an example of the power 
oi his method the foUowmg — Suppose that there is a hoUow 
conductmg shell, bounded by two closed surfaces and that i 
number of electrified bodies are placed some within and some 
without it, and let the inner surface and interior bodies be 
called the mterior system and the outer surface and exterior 
bodies be called the exterior system Then all the electncal 
phenomena of the mterior system relative to attractions 
repulsions and densities will be the same as if there were no 
dxtenor system and the inner surface were a perfect conductor 
put m communication with the earth , and all those of the 
exterior system will be the same as if the interior system did not 
exist the outer surface weie a perfect conductor containing 
a quantity of electricity equal to the whole of that originally 
contained m the shell itself and m all the interior bodies 

It will be evident that electrostatics had by this time 
attained a state of development in which further progress could 
be hoped for only m the mathematical superstructure, unless 
experiment should unexpectedly bring to light phenomena of 
an entirely new character This will therefore be a convenient 
place to pause and consider the rise of another branch of 
electrical philosophy 

• Euler lu 1744 (De methtdu %tweniench ) had spoken of the potenUaha— 
what would now be called the potential energy— possessed by an elastic body 
when bent 
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GALVANISM FROM GALVANI TO OHM 

Until the last decade of the eighteenth century, electricians 
were occupied solely with statical electricity Their attention 
was then turned in a different direction 

In a work entitled ReclmcMs mr long^m des se'nt'bments 
agrMles et d^sagrMles, which was published* in 1752 
Johann Georg Sulzer (6 1720 d 1779) had mentioned that if 
two pieces of metal, the one of lead and the other of silver be 
joined together m such a manner that their edges touch and if 
they be placed on the tongue a taste is perceived similar to 
that of vitriol of iron although neither of these metals apphed 
separately gives any trace of such a taste It ib not probable, 
he says, '' that this contact of the two metals causes a solution 
of either of them hberating particles which might affect the 
tongue , and we must therefore conclude that the contact sets 
up a vibration in their particles which by affecting the nerves 
of the tongue produces the taste in question 

This observation was not suspected to have any connexion 
with electrical phenomena and it played no part in the incep- 
tion of the next discovery, which indeed was suggested by a 
mere accident 

Luigi Galvaiu, born at Bologna in 1737, occupied from 1775 
onwards a chair of Anatomy in his native city For many years 
before the event which made him famous he had been studying 
the susceptibility of the nerves to irritation , and, having been 
formerly a pupil of Beecaria, he was also interested in electrical 
experiments One day in the latter part of the year 1780 he 
had as he tells us t * dissected and prepared a frog and laid it 
on a table on which, at some distance from the frog, was an 
electric machine It happened by chance that one of my 

Mem del Acad de Berlin, 1752 p 366 
t AJaysii Galvam, De Vtrtlus Mlectr%Gitatta Motu MmciiUt i Commealjjnu 
Bononiensi ^11 (1792) p 363 
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assistants touched the inner crural nerve of the frog with the 
point of a scalpel, whereupon at once the muscles of the limbs 
were violently convulsed 

' Another of those who used to help me in electrical cxpc 1 1 
ments thought he had noticed that at this instant a spailv wan 
drawn from the conductor of the machine I myself was at 11 k 
time occupied with a totally different matter, but when ho 
drew my attention to this I greatly desired to try it foi myself 
and discover its hidden principle So I, too touched one or 
other of the criual nerves with the point of the scalpel at the 
same time that one of those present drew a spark , and the same 
phenomenon was repeated exactly as before 

After this Galvam conceived the idea of tiying whethei the 
electricity of thunderstorms would induce muscular contractions 
equally well with the electricity of the machine Having 
successfully experimented with lightning, he wished ” as lie 
writes t to try the effect of atmospheiic electricity iii calm 
weather My reason for this was an observation I had made 
that frogs which had been suitably prepared for these experi- 
ments and fastened, by brass hooks m the spinal mairow, to 
the iron lattice round a certain hanging garden at my house,, 
exhibited convulsions not only during thunders toi ms, but 
sometimes even when the sky was quite serene I suspected 
these effects to be due to the changes which take place during 
the day in the electiic state of the atmosphere , and so with 
some degree of confidence I performed experiments to test the 
point , and at different hours for many days I watched frogs, 
which I had disposed for the purpose , but could not detect any 
motion 111 their muscles At length weary of waiting m vain 
I pressed the brass hooks which were driven into the spinal 
marrow, against the iron lattice, m older to see whether 
contractions could be excited by varying the incidental cncum 

* According to a stoiy which has often been repeated but which rests on no 
sufficient evidence the frog was one of a number which had been procured for the 
Signora Galvam who, being in poor health had been recommended to take a soup 
made of these animals as a restorative f Loo cit , p 377 
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stances of the experiment I observed contractions tolerably 
often but they did not seem to bear any relation to the changes 
111 the electrical state of the atmosphere 

However, at this time when as yet I had not tried the 
expermient except in the open air I came very near to adopt- 
ing a theory that the contractions are due to atmospheric 
electricitj which, having slowly entered the animal and accu- 
mulated in it, IS suddenly discharged when the hook comes m 
contact with the iron lattice For it is easy in experimentmg 
to deceive ourselves, and to imagme we see the things we wish 
to see 

‘ But I took the animal into a closed room, and placed it on 
an non plate , and when I pressed the hook which was fixed 
m the spmal marrow against the plate, behold ^ the same 
spasmodic contractions as before I tried other metals at 
different hours on various days in several places, and always 
with the same result except that the contractions were more 
violent with some metals than with others After this I tried 
various bodies which are not conductors of electricity, such as 
glass gums lesins, stones and dry wood , but nothing happened 
ihis was somewhat surprising and led me to suspect that 
olectiicity IS inherent in the animal itself This suspicion was 
strengthened by the observation that a kind of circuit of subtle 
nervous fluid (resembling the electric circuit which is manifested 
in the Leyden jar experiment) is completed from the nerves to 
the muscles when the contractions are produced 

I or, while I with one hand held the preparec^ frog by the 
hook fixed in its spinal marrow, so that it stood with its feet 
on a silver box, and with the other hand touched the lid of 
the box or its sides with any metallic body I was surprised 
to see the frog become strongly convulsed every time that I 
applied this artifice ' * 

Galvani thus ascertained that the limbs of the frog are con 
vulsed whenever a connexion is made between the nerves and 
muscles by a metallic arc generally formed of more than onct 

observation was made in 1786 
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kind of metal , and he advanced the hypothesis that the convul- 
sions are caused by the transport of a pecuhar fluid from the 
nerves to the muscles the arc actmg as a conductor To this 
fluid the names Galvamsm and Ammal EUdncfity were soon 
generally apphed Galvani himself considered it to be the same 
as the ordmary electric fluid, and mdeed regarded the entire 
phenomenon as similar to the discharge of a Leyden jar 

The publication of Galvani s views soon engaged the attention 
of the learned world, and gave rise to an animated controversy 
between those who supported Galvani s own view those who 
believed galvanism to be a fluid distinct from ordinary electricity 
and a third school who altogether refused to attribute the effects 
to a supposed fluid contamed m the nervous system The leader 
of the last named party was Alessandro Yolta (6 1745, d 1827) 
Professor of Natural Philosophy m the University of Pavia, who 
m 1792 put forward the view* that the stimulus m Galvani s 
experiment is derived essentially from the connexion of two 
different metals by a moist body ‘‘The metals used m tho 
experiments, bemg apphed to the moist bodies of anunals can by 
themselves, and of their pxoper virtue excite and dislodge the 
electric fluid from its state of rest , so that the organs of the 
animal act only passively At first he inchned to combme this 
theory of metalhc stimulus with a certam degree of belief in 
such a fluid as Galvam had supposed, but after the end of 1793 
he denied the existence of animal electricity altogether 

Prom this standpoint Yolta contmued his experiments and 
worked out his theory The following quotation from a letterf 
which he wrote later to Gren the editor of the Nems Journal d 
Physnk sets forth his view iii a more developed form — 

“The contact of different conductors particularly the metalhc 
includmg pyrites and other minerals as well as charcoal which 
I call dry conductors or of the Jii st class with moist conductors, 
or conductors of the second class agitates or disturbs the electric 
fluid or gives it a certain impulse Do not ask m what manner 
it IS enough that it is a principle, and a general prmciple This 

♦PhU Trans 1793, pp 10 27 tPhil Mag4 iV (1799), pp 69, 163,306^ 
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impulse whether produced by attraetion or any other force is 
different or unlike both m regard to the different metals and to 
the different moist conductors, so that the direction or at least 
the power with which the electric fluid is impelled or excited is 
different when the conductor A is applied to the conductor B or 
to another G In a perfect circle of conductors where either 
one of the second class is placed between two different from each 
other of the first class or contrariwise one of the first class is 
placed between two of the second class different from each other, 
an electric stream is occasioned by the predommating force either 
to the right or to the left — a circulation of this fluid, which ceases 
only when the circle is broken and which is renewed when the 
circle IS again rendered complete 

Another philosopher who like Volta denied the existence of 
a fluid pecuhar to animals but who took a somewhat different 
view of the origin of the phenomenon was Giovanni Tabroni of 
Florence (b 1752 d 1822) who"^ having placed two plates of 
different metals in water observed that one of them was partially 
oxidised when they were put in contact , from which he rightly 
concluded that some chemical action is mseparably connected 
with galvanic effects 

The feeble intensity of the phenomena of galvanism, which 
compared poorly with the striking displays obtained in electro 
statics was responsible for some falhng off of interest in them 
towards the end of the eighteenth century , and the last years 
of their illustrious discoverer were clouded by misfortune Being 
attached to the old order which was overthrown by the armies 
of the French Bevolution he refused in 1798 to take the oath of 
allegiance to the newly constituted Cisalpine Eepublic and was 
deposed from his professorial chair A profound melancholy 
which had been induced by domestic bereavement was aggra 
vated by poverty and disgrace , and unable to survive the loss 
of all he held dear he died broken hearted before the end of 
the yearf 

* Phil Journal 4ta ni 308 iv 120 Journal de Physique yi 348 

t A decree of reinstatement had been granted but had not come into operation 
at the time of Galvani s death 
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Scarcely more than a year after the death of G-alvani, the 
hew science suddenly regamed the eager attention of philo- 
sophers This renewal of interest was due to the discovery by 
Yolta m the early sprmg of 1800 of a means of greatly increasmg 
the mtensity of the effects Hitherto all attempts to magnify 
the action by enlarging or multiplymg the apparatus had ended 
m failure If a long chain of different metals was used instead 
of only two the convulsions of the frog were no more ^nolent 
But Yolta now showed* that if any number of couples each 
consisting of a zinc disk and a copper disk m contact were taken, 
and if each couple was separated from the next by a disk of moist- 
ened pasteboard (so that the order was copper, zmc pasteboard 
copper zmc pasteboard &c ), the effect of the pile thus formed 
was much greater than that of any galvanic apparatus pre\aously 
introduced When the highest and lowest disks were simul 
taneously touched by the fingers a distinct shock was felt , and 
this could be repeated agam and again the pile apparently 
possessmg within itself an indefinite power of recuperation It 
thus resembled a Leyden jar endowed with a power of automati- 
cally re-estabhshing its state of tension after each explosion , 
with, in fact an inexhaustible charge a perpetual action or 
impulsion on the electric fluid 

Yolta unhesitatingly pronounced the phenomena of the pile 
to be in their nature electrical The circumstances of Galvam s 
original discovery had prepared the minds of philosophers foi 
this belief which was powerfully supported by the similarity of 
the physiological effects of the pile to those of the Leyden jar 
and by the observation that the galvanic influence was conducted 
only by those bodies — eg the metals — which were already 
known to be good conductors of static electricitj But Yolta 
now supphed a still more convincing proof Taking a disk of 
copper and one of zinc he held each by an msulating handle 
and apphed them to each other for an mstant After the disks 
had been separated, thfy were brought into contact with a deh- 

f 

•Ihil Tikns 1800 p 403 
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cate electroscope, which indicated hj the divergence of its straws 
tliat the diets werenow electrified — the zinc had in fact acquired 
1 positive and the copper a negative electric charge * Thus the 
mere contact of two different metals such as those employed in 
the pile, was shown to he sufficient foi the production of effects 
undoubtedly electrical in chaiacter 

On the basis of this result Volta in the same yeai (1800) 
put forward a definite theorj of the action of the pile Suppose 
first that a disk of zinc is laid on a disk of copper which in turn 
rests on an insulating support The experiment just descnhed 
shows that the electric fluid will he driven from the copper to 
the zinc We may tlien accoiding to Volta represent the state 
or tension of the copper hy the number - and that of the 
zinc by the number + ^ the difference being arbitrarily taken as 
unity ind the sum being (on account of the insulation) zero It 
will be seen that Volta s idea of tension was a mingling of 
two ideas which in modem electric theory are clearlj distm- 
^uislied from each othei —namely electric charge and electric 
potential 

Now let a disl of moistened pasteboard be laid on the zinc 
and a disk of coppei on this again Since the uppermost 
coppei IS not in contact with the zinc the contact-action does 
not tal e j)lace between them , but since the moist pasteboard is 
a conductor the coppei will receive a charge from the zinc 
Thus the states will now be represented by-ffor the lowei 
copper, + } for the zinc and ■+ i for the upper copper giving a 
zero sum as before 

If, now another /me disk is placed on the top, the states 
will be represented by - 1 foi the lower copper, 0 foi the lower 
zinc and upper copper, and + 1 for the upper zinc 

In this way it is evident that the difference between the 
numbers indicating the tensions of the uppermost and lowest 

* Abraliam Benn^t (b IToO d 1799) bad previously shown. MjienmenU 
m VleeUxeitij 1789 pp 86-102) that many bodies, vheii separated after contact, 
aio oppositely eleotrifaied he coTlcel^ed that different bodies have diffeient attrao 
tionsoi capacities fm electucity 
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disks m the pile will always be equal to the number of pairs of 
metallic disks contained in it If the pile is insulated the 
sum of the numbers indicatmg the states of all the disks must 
be zero , but if the lowest disk is connected to earth the 
tension of this disk will be zero and the numbers indicating the 
states of all the other disks will be increased by the same 
amount their mutual differences remaining unchanged 

The pile as a whole is thus similar to a Leyden jar, 
when the experimenter touches the uppermost and lowest 
disks he receives the shock of its discharge the intensity being 
proportional to the number of disks 

The moist layers played no part m Volta s theory beyond 
that of conductors* It was soon found that when the moisture 
is acidified the pile is more efficient, but this was attributed 
solely to the superior conducting power of acids 

Volta fully understood and explained the impossibilitj of 
constructing a pile fiom disks of metal alone without making 
use of moist substances As he showed m 180 1 if disks of 
various metals are placed in contact in any order, the extreme^ 
metals will be in the same state as if they touched each other 
dll ectly without the mtervention of the others, so that the 
whole is equivalent merely to a single pan When the metals 
are arranged in the ordei silver copper iron tin lead zinc, 
each of them becomes positive with respect to that which 
precedes it and negative with respect to that which follows it , 
but the moving foice from the silver to the zinc is equal to the 
sum of the moving foices of the metals comprehended between 
them m the series 

When a connexion was maintained for some time between 
the extreme disks of a pile by the human body, sensations 
were experienced which seemed to mdicate a continuous activity 
in the entire system Volta inferred that the electric current 
persists during the whole time that communication by con- 

* Volta had xnclmed, in hia earlier expemnents on galvanism to locate the seat 
of power at the interfaces of the metals with the moist conductor Cf his letter 
to Gren Phil Wag xv (1799), p 62 
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ductors exists all round the circuit and that the current is 
suspended only when this communication is interrupted 
This endless circulation or perpetual motion of the electric 
fluid he says ‘ may seem paiadoxical and may prove 
inexplicable 5 but it is none the less real and we can, so to 
speak touch and handle it ' 

Volta announced his discovery in a letter to Sir Joseph 
Banks dated from Como March 20th 1800 Sir Joseph who 
was then Piesident of the Eoyal Society communicated the 
news to William Ifieholson (& 1753 i 1816) founder of the 
JouTTWbl which IS generally known by his name and his 
friend Anthony Carlisle (6 1768 d 1840) afterwards a 
distinguished surgeon On the 30th of the following month, 
Nicholson and Carlisle set up the first pile made m England In 
repeating Volta s experiments having made the contact moie 
secuie at the upper plate of the pile by placing a drop of water 
there they noticed* a disengagement of gas round the con 
ducting wire at this point , whereupon they followed up the 
matter by introducing a tube of water into which the wires 
from the terminals of the pile were plunged Bubbles of an 
inflammable gas were liberated at one wire while the other 
wiie became oxidised , when platinum wires were used oxygen 
and hydrogen were evolved in a free state, one at each wire 
This effect which was nothing less than the electric decom 
position of water into its constituent gases was obtained on 
May 2nd 1800 1 

Although it had long been known that frictional electricity 
is capable of inducing chemical action + the discovery of 
Nicholson and Carlisle was of the fiist magnitude It was at 
once extended by William Cruickshank of Woolwich (& 1745 

Nxchoho I H Journal 179 (1800) Phil Mag vu 337 (1800) 

t It was obtained independently four months later by J W Bitter 
t Beccana elettrimmo Bologna ln8 p 282) had reduced mercuty 

and other metals fiom their oxides hydischaiges ot frictional electricity and 
Pnestley had obtained an inflammable gas fiom certain oigamc liquids m the 
same way Cavendish in 1^81 had established the institution of water by 
electrically exploding hydrogen and oxygen 
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d 1800), who* showed that solutions of metallic salts are also 
decomposed by the current, and William Hyde Wollaston 
{h 1766 d 1828) seized on it as a testf of the identity of the 
electric currents of Volta with those obtained by the discharge 
of frictional electricity He found that water could be decom- 
posed by currents of either type, and inferred that all differences 
between them could be explained by supposing that voltaic 
electricity as commonly obtained is less intense but produced 
in much largei quantity Later in the same yeai (1801) 
Martin van Mai urn (h 1750 d 1837) and Christian Heiniich 
Pfaff (6 1773 d 1852) arrived at the same conclusion by 
carrying out on a laige scalej Volta’s plan of using the pile to 
charge batteries of Leyden jais 

The discovery of Nicholson and Carlisle made a great 
impression on the mind of Humphry Davy (h 1778, d 1829) a 
young Cornishman who about this time was appointed Professor 
of Chemistry at the Royal Institution in London Davy at once 
began to experiment with Voltaic piles, and in November 1800, 
showed that they give no curient when the water between the 
pairs of plates is pure and that then? power of action is “ in 
great measure proportional to the powei of the conducting 
fluid substance between the double plates to oxydate the 
zinc This result as he immediately perceived, did not 
harmonize well with Volta s views on the source of electricity 
in the pile but was, on the othei hand in agreement with 
Fabronis idea that galvanic effects are always accompanied by 
chemical action After a series of experiments he definitely 
concluded that the galvanic pile of Volta acts only when the 
conducting substance between the plates is capable of oxydating 
the zinc , and that, in proportion as a greater quantity of 
oxygen enters into combination with the zinc in a given time, 
so in proportion is the power of the pile to decompose water 
and to give the shock gi eater It seems therefore reasonable 

* Meholson 8 Journal IV (mO) 187,245 Phil Mag vu flSOO 

p 337 ON 

tPhil Mag 1801 p 427 { Phil Mag , xii (1802) p 161 

§mchol8on8 iv (1800) Davy s TToiks u p lo5 
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to conclude though with oar present quantity of facts we aie 
unable to explain the exact mode of operation that the 
oxydatioii of the zinc in the pile and the chemical changes 
connected with it are soTiiehow the cause of the electrical effects 
it produces This principle of oxidation guided Davy in 
designing many new t 5 rpes of pile with elements chosen from 
the whole range of the known metals 

Davys chemical theory of the pile was supported by* 
Wollaston* and by ¥ieholson,t the latter of whom urged that 
the existence of piles m which only one metal is used (with more 
than one kind of fluid) is fatal to any theory which places the 
seat of the activity m the contact of dissimihi metals 

Davy afterwaids proposed J a theory of the voltaic pile 
which combines ideas drawn from both the contact and 
‘ chemical ’ explanations Ho supposed that befoie the ciicuit 
IS closed the copper and zinc disks in each contiguous pair 
assume opposite electiostatic states in consequence of inherent 
electrical eneigies possessed by the metals, and when a 
communication is made between the extreme disks by a wire 
the opposite electiicities annihilate each other as in the dis 
charge of a Leyden jar If the liquid (which Davy compared 
to the glass of a Leyden jar) were incapable of decomposition, 
the current would cease after this discharge But the liquid in 
the pile is composed of two elements which have mherent 
attractions for electrified metallic surfaces hence aiises. 
chemical action which removes fiom the disks the outermost 
layers of molecules whose energy is exhausted and exposes 
new metallic surfaces The electrical energies of the copper and 
zmc are consequently agam exerted and the process of electro 
motion continues Thus the contact of metals is the cause 
which cL'isturls the equilibrium while the chemical changes 
continually restore the conditions under which the contact 
energy can be exeited 

In this and other memoirs Davy asserted that chemical 

*lhil Tians , 1801 p 427 \ Mcholson s Jomnal i (1802) p 142 

I Phil Xrans 1807, p 1 
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affinity IS essentially of an electrical nature Chemical and 
electiical attractions/ he declared * ‘ are produced by the 
same cause, acting in one case on particles, in the other on 
masses of matter, and the same property under different 
modifications is the cause of all the phenomena exhibited by 
different yoltaic combinations 

The further elucidation of this matter came chiefly from 
researches on electio chemical decomposition which we must 
now consider 

A phenomenon which had gieatly surprised Nicholson and 
Carlisle in their early expeiiments was the appearance of 
the pioducts of galvanic decomposition at places remote from 
each othei The first attempt to account for this was made in 
1806 by Theodor von Grothusst (6 1785 d 1822) and by Davy, J 
who advanced a theory that the terminals at which water is 
decomposed have attractive and repellent powers , that the pole 
whence resinous electricity issues has the property of attracting 
hydrogen and the metals and of repelling oxygen and acid 
vSiabstances while the positive termmal has the power of attract- 
ing oxygen and repelling hydrogen , and that these forces are 
sufficiently energetic to destroy or suspend the usual operation 
of chemical affinity in the water molecules nearest the 
terminals The foice due to each terminal was supposed to 
dimmish with the distance from the terminal When the 
molecule nearest one of the terminals has been decomposed by 
the attractive and repellent forces of the terminal one of its 
constituents is liberated there while the other constituent by 
virtue of electiical forces (the oxygen and hydrogen being in 
opposite electrical states) attacks the next molecule which 
is then decomposed The surplus constituent from this attacks 
the next molecule, and so on Thus a chain of decompositions 
and lecompositions was supposed to be set up among the 
molecules intervening between the teiminals 

♦Pliil iians 1826 p 383 t-Ann <le Chun Ivni (1806) p oi 

t Bakenau lecture for 1806 Phil Tians , 1807 p 1 A theoiy sunilai to that 
of Giothuss and Davy was communicated by Peter Maik Eoget (h 1779, d 1869) 
m 180/ to the Philosophical Society of Manchester cf Roget ts Qalvanum § 106 
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The hypothesis of Giothuss and Davy was attacked in 1825 
by Auguste De La Rive* (6 1801 i 1873) of Geneva on the 
giound of its failure to explain what happens when different 
liquids are placed in series in the circuit If for example a 
^solution of zinc sulphate is placed m one compartment and 
water in another and if the positive pole is placed in the 
solution of zinc sulphate and the negative pole in the water 
De La Rive found that oxide of zinc is developed lound the 
latter 5 although decomposition and lecomposition of zinc 
sulphate could not take place in the water which contained 
none of it Accordingly he supposed the constituents of the 
decomposed liquid to be bodily transported acro^^s the liquids 
in close union with the moving electricity In the electrolysis 
of water, one current of electrified hydrogen was supposed to 
leave the positive pole and become decomposed into hydrogen 
and electricity at the negative pole the hydrogen being 
there liberated as a gas Another current in the same way 
carried electrified oxygen from the negative to the positive 
pole In this scheme the chain of successive decompositions 
imagined by Grothuss does not take place, the only molecules 
decomposed being those adjacent to the poles 

The appearance of the products of decomposition at the 
separate poles could be explained either in Grothuss fashion 
by assuming dissociations thioughout the mass of liquid or 
m De La Rives by supposing particular dissociated atoms 
to travel considerable distances Perhaps a preconceived 
idea of economy in Nature deterred the workers of that time 
from accepting the two assumptions together, when either of 
them separately would meet the case Yet it is to this apparent 
redundancy that later researches have pointed as the truth 
Nature is what she is and not what we would make her 

De La Rive was one of the most thoroughgoing opponents 
of Volta's contact theory of the pile, even in the case when 
two metals are in contact in air only without the intervention 


* Annales de Cninue \xvm 190 
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of any liquid, he attributed the eleetiic effect wholly to the 
chemical af&mty of the air foi the metals 

Diirmg the long interval between the publication of the rival 
hypotheses of Grothuss and De La Eive little leal piogiess 
was made with the special pioblems of the coll but mean 
while electric theory was developing in other directions One 
of these to which oui attention will first be tinned was the 
electro chemical theory of the celebiated Swedish ehouiist, 
Jons Jacob Berzehiis •^6 17*^9 A 1848) 

Berzehus founded his theory,* which had been iii one oi two 
of Its features anticipated by Daiy t on inferences drawn fiom 
Volta s contact effects Two bodies he remarked “which 
have affinity for each other, and which have been brought into 
mutual contact are found upon sepaiation to be in opposite 
electrical states That which has the gieatest afhnity for 
oxygen usually becomes positively electrified and tin other 
n^atively 

This seemed to him to mdicate that chemical affinity aiises 
from the play of electric forces which in tuin spring fioni 
electric charges withm the atoms of matter To be precise, 
he supposed each atom to possess two poles which are the 
seat of opposite electiifications and whose electrostatic field is 
the cause of chemical affinity 

By aid of this conception Beizelius drew a simple and vivid 
picture of chemical combmation Two atoms which are about 
to unite dispose themselves so that the positive pole of one 
touches the negative pole of the other , the electricities of these 
two poles then discharge each other giving rise to the heat and 
light which are observed to accompany the act of combmation J 
The disappearance of these leaves the compound molecule with 
the two remainmg poles , and it cannot be dissociated into its 
constituent atoms agam until some means is found of restoring 
to the vanished poles their charges Such a means is afforded 

* Memoirs of the Acad of Stockholm 1812 N’lcholson, s Journal ol Nat Phil , 
XX 3 UV (1813) 142 153 *^40 319 xxxv, 38 118 169 

t PJiil Trans 1807 % This idea was Davy s 
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ty the action of the galvanic pile in electrolysis the opposite 
electricities of the current invade the molecules of the 
electrolyte, and restore the atoms to their original state of 
polarization 

If as Berzelius taught all chemical compounds are formed 
hy the muttial neutrahzation of pairs of atoms it is evident 
that they must have a binary character Thus he conceived a 
salt to be compounded of an acid and an oxide, and each of 
these to be compounded of two other constituents Moreover, 
in any compound the electropositive member would be replace 
able only by another electropositive member, and the electro 
negative member only by another member also electronegative , 
so that the substitution of e g chlorine for hydrogen m a 
compound would be impossible— an inference which was 
overthrown by subsequent discoveries m chemistiy 

Berzelius succeeded m bringing the most curiously diverse 
facts within the scope of his theory Thus “ the combmation 
of polarized atoms requires a motion to turn the opposite 
poles to each other and to this circumstance is owing the 
facility with which combination takes place when one of the 
two bodies is m the liquid state or when both are in that 
state, and the extreme difficulty, or nearly impossibility, of 
effectmg an union between bodies, both of which are solid 
Ana again, since each polarized particle must have an electric 
atmosphere and as this atmosphere is the predisposmg cause of 
combination, as we have seen, it follows, that the particles 
cannot act but at certain distances, proportioned to the 
mtensityof their polanty , and hence it is that bodies, which 
have affinity for each other, always combine nearly on the 
instant when mixed in the liqmd state, but less easily in the 
gaseous state and the union ceases to be possible under a 
certain degree of dilatation of the gases, as we know by the 
experiments of Grothuss that a mixture of oxygen and 
hydrogen in due proportions, when rarefied to a certam 
degree, cannot be set on fiie at any temperature whatever " 
And again Many bodies require an elevation of temperatuie to 
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enable them to act upon each other It appears therefore, 
that heat possesses the property of augmenting the polarity of 
fiTiftRft 'bo(ii©s 

Berzelius accounted for Yolta’s electromotive series by 
assuming the electrification at one pole of an atom to be some- 
what more or somewhat less than what would be required to 
neutralize the charge at the other pole Thus each atom would 
possess a certain net or residual charge which might be of 
either sign , and the order of the elements in Volta s series 
could be mterpreted simply as the order m which they would 
stand when ranged according to the magnitude of this residual 
charge As we shall see this conception was afterwards 
overthrown by Faraday 

Berzehus permitted himself to publish some speculations on 
the nature of heat and electricity, which bring vividly befoie 
us the outlooh of an able thinker in the first quaiter of the 
nmeteenth century The great question he says is whether 
the electricities and caloric are matter or merely phenomena 
If the title of matter is to be granted only to such things as 
are ponderable then these problematic entities are certainly 
not matter, but thus to narrow the apphcation of the term is, 
he beheves, a mistake, and he inclines to the opmion that 
ealonc is truly matter, possessing chemical affinities without 
obeymg the law of gravitation, and that light and all radiations 
consist m modes of propagating such matter This conclusion 
makes it easier to decide regarding electricity ‘ From 
the relation which exists between caloric and the electricities, * 
he remarks it is clear that what may be true with regard 
to the materiality of one of them must also be true with 
r^ard to that of the other There are however a quantity 
of phenomena produced by electricity which do not admit of 
explanation without admittmg at the same time that electricity 
IS matter Electricity, for instance, very often detaches 
everythmg which covers the surface of those bodies which 
conduct it It indeed passes through conductors without 
leaving any trace of its passage , but it penetrates non con- 
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ductors which oppose its course, and makes a perforation 
precisely of the same descnption as would have been made 
by somethmg which had need of place for its passage We 
often observe this when eleetnc jars are broken by an over- 
charge, or when the electric shock is passed through a number 
of cards etc We may therefore, at least with some proba- 
bility, unagme calorie and the electncities to be matter, 
destitute of giavitation, but possessing afSnity to giavitatmg 
bodies When they are not confined by these affinities they 
tend to place themselves m equilibrium in the universe The 
suns destroy at every moment this eqmhbnum, and they send 
the re united electricities m the form of luminous rays towards 
the planetary bodies, upon the surface of which the rays bemg 
arrested manifest themselves as caloric , and this last m its 
turn durmg the time required to replace it m equihbnum m 
the umverse, supports the chemical activity of organic and 
moigauic nature 

It was scarcely to be expected that anything so speculative 
as Berzehus’ electric conception of chemical combmation 
would be confirmed in aU particulars by subsequent discovery , 
and, as a matter of fact, it did not as a coherent theory survive 
the hfetime of its author But some of its ideas have 
persisted, and among them the conviction which lies at its 
foundation, that chemical affinities are, in the last resort, of 
eleotncal ongm 

While the attention of chemists was for long directed to 
the theory of Berzelius, the mterest of electncians was 
diverted from it by a discovery of the first magnitude m a 
different region 

That a relation of some land subsists between electncity 
and magnetism had been suspected by the philosophers of the 
eighteenth century The suspicion was based m part on some 
curious effects produced by lightnmg, of a kind which may be 
illustrated by a paper published m the FMosopTmal Tramsaet'um 
in 1736 • A tradesman of Wakefield, we are told, ‘ having put 
•Phil Tianfl xxxix (1736), p 74 
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up a great number of kmves and forks in a large box and 
having placed the box m the corner of a large room, there 
happen’d in July 1731 a sudden storm of thunder, lightmng, 
etc , by which the corner of the loom was damaged the Box 
split and a good many knives and forks melted the sheaths 
being untouched The owner emptying the box upon a Counter 
where some Kails lay the Persons who took up the knives that 
lay upon the Kails, observed that the knives took up the Kails ” 
Lightnmg thus came to be credited with the power of 
magnetizing steel , and it was doubtless this which led Franklin* 
in 1751 to attempt to magnetize a sewmg needle by means of 
the discharge of Leyden jars The attempt was indeed success 
ful , but as Van Marum afterwards showed it was doubtful 
whether the magnetism was due directly to the current 

More experiments followed t 1805 J ean Nicholas Pierre 
Hachette (& 1769 d 1834) and Charles Bernard Desormes 
(J 1777 d 1862) attempted to determine whether an insulated 
voltaic pile freely suspended is oriented by terrestrial mag 
netism but without positive result In 1807 Hans Christian 
Oersted (5 1777 d 1851), Professor of Katural Philosophy in 
Copenhagen announced his intention of examining the action 
of electricity on the magnetic needle , but it was not for some 
years that his hopes were realized If one of his pupils is to be 
beheved + he was ‘ a man of gemus, but a very unhappy experi- 
menter, he could not manipulate instruments He must 
always have an assistant or one of his auditors who had easy 
hands to arrange the experiment ’ 

During a couise of lectures which he delivered m the winter 
of 1819-20 on ‘ Electricity Galvanism and Magnetism, the 
idea occurred to him that the changes observed with the 
compass-needle durmg a thunderstorm might give the clue tO' 
the effect of which he was m search , and this led him to tbmk- 
that the experiment should be tried with the galvanic circuit 

•letter ti from Franklm to CoUwaon t In 1774 the Electoral Academy 

of Bayana proposed the question, ‘ Is there a real and physical analogy between, 
electnc and magnetic forces ^ as the subject of a pxize 
j Of a letter from Hansteen inserted in Bence Jones L%fe of Fataday^ ii p 396 
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closed instead of open, and to inquire whether any effect is 
produced on a magnetic needle when an electric current is 
passed through a neighbouring wire At first he placed the 
wire at nght angles to the needle but observed no result 
After the end of a lecture m which this negative experiment 
had been shown, the idea occurred to him to place the wire 
parallel to the needle on trying it, a pronounced deflexion was 
observed, and the relation between magnetism and the electric 
current was discovered After confirmatory experiments with 
more powerful apparatus the public announcement was made 
m July, 1820* 

Oersted did not determine the quantitative laws of the 
action, but contented himself with a statement of the quahta- 
tive effect and some remarks on its cause, which recall the 
magnetic speculations of Descartes indeed. Oersted’s concep 
tions may be regarded as linking those of the Oiartesian school 
to those which were introduced subsequently by Faraday To 
the effect which takes place in the conductor and in the sui 
rounding space,” he wrote, we shall give the name of the 
conflict of electricity ’ The electric conflict acts only on the 
magnetic particles of matter All non magnetic bodies appear 
penetrable by the electnc conflict while magnetic bodies, or 
lather their magnetic particles, resist the passage of this conflict 
Hence they can be moved by the impetus of the contending 
powers 

It 18 sufficiently evident from the preceding facts that the 
electric conflict is not confined to the conductor, but dispersed 
pretty widely in the circumjacent space 

From the preceding facts we may likewise coUeqt^ that this 
conflict performs circles , for without this condition, it seems 
impossible that the one part of the uniting wire, when placed 
below the magnetic pole, should drive it toward the east, and 
when placed above it toward the west , for it is the nature of a 

* Schweiggjer’fl Journal fur Chemie und Pliysik, xxix (1820), p 276 Thomson’s 
Annals of Philosophy, xvi (1820), p 273 Ostwald’s Zlamhef der exahUn 
Wmsenaohe^tmi Nr 63 


gg Qalvcmtsm^ ftoiti Gulvoitit to Ohm 


circle that the motions in opposite parts should have an opposite 
direction 

Oersted’s discovery was described at the meeting of the 
French Academy on September 11th 1820, by an academician 
(Arago)who had just returned from abroad Several invest! 
gators in France repeated and extended his experiments and 
the first precise analysis of the effect was published by two of 
these, Jean Baptiste Biot (& 1774 A 1862) and Fdlix Savart 
(J 1791 A 1841) who at a meeting of the Academy of Sciences 
on October 30th, 1820, announced* that the action expeiienced 
by a pole of austral or boreal magnetism, when placed at any 
distance from a straight wire carrying a voltaic current, may be 
thus expressed “Draw from the pole a perpendicular to the 
wire, the force on the pole is at right angles to this line and to 
the wire, and its mtensity is proportional to the reciprocal of 
the distance This result was soon further analysed the 
attractive force bemg divided mto constituents each of which 
was supposed to be due to some particular element of the 
current , in its new form the law may be stated thus 
ma^netu force due to an dement ds of a cvicmt, vn whvih a 
tmrrent i is flowing ai a point whose vectoi distance fiom is is r* 
w (iTO miidble imtts) 

3 [d 8 r]t or curl— + 


It was now recognized that a magnetic field may be produced 
as readily by an electric current as by a magnet , and, as Arago 
soon showed ^ this like any other magnetic field, is capable of 


♦ Annales de Cluinie xv (1820) p 222 Journal de Phye , xli, p 61 
t If a and b deirote two Tectors the yector whose components are (atyh - 
ojt <7 18 Called the vector ptodnot of a and h and is denoted hy 

£a, h] Its direction is at right angles to those of a and h, and its magnitude le 
represented hy twice the area of the triangle formed hy them 


^ If a denotes any yectoi the vector whose components are 




18 denoted by curl a 


d(f day dam 0a» 
dy dz* dz '"da ^ 


S Annales de Chimie xv (1820), p 93 
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inducing magnetization in iron The question naturally sug- 
gested itself as to whether the similarity of properties between 
currents and magnets extended still further eg whether 
conductors carrying currents would like magnets experience 
ponderomotive forces when placed in a magnetic field and 
whether such conductois would consequently like magnets 
exert ponderomotive forces on each other 

The fiist step towards answering these mquiiies was taken 
by Oersted* himself " As ’ he said * a body cannot put 
another in motion without being moved in its turn when it 
possesses the requisite mobility it is easy to foresee that the 
galvanic arc must be mo\ed by the magnet , and this he 
verified experimentally 

The next step came from Andr6 Mane Ampere 1775, 
d 1836) who at the meetmg of the Academy on September 18th 
exactly a week after the news of Oersted’s first discoveiy had 
arrived, showed that two parallel wires carrying curients 
attract each other if the currents are in the same direction 
and repel each other if the currents are in opposite directions 
During the next three years Ampere continued to prosecute 
the researches thus inaugurated and in 1825 pubhshed his 
collected results m one of the most celebrated memoirsf m the 
history of natural philosophy 

Ampere introduces his work by proclaiming himself a 
follower of that school which explained all physical phenomena 
m terms of equal and oppositely directed forces between pairs 
of particles , and he renounces the attempt to seek more 
speculative, though possibly more ftindamental explanations 
in terms of the motions of ultimate fluids and aethers Never 
theless he indicates two conceptions of this latter character on 
Which such explanations might be founded 

In the firstj he suggests that the ponderomotive forces 


♦ Schweigger’s Journal fur Chiem u Phys xxix (1820), p 364 Thomson s 
Annals of Philosophy xvi (1820), p 376 tMem dePAcad ti p 176 

i ^eeue%l d ohermUona ilecUo dyna7n%que8 p 216 and the memoir just cited 
pp 285 370 
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between drcuits carrying electiic currents may be due to the 
reaction of the elastic fluid which extends throughout all 
space whose vibrations produce tbe phenomena of hght,” and 
which IS ‘putm motion by electric currents ’ This fluid or 
aether can he says, be no other than that which results from 
the combination of the two electricities ’ 

In the second conception* Ampere suggests that the 
mterspaces between the metaUic molecules ot a wire which 
carries a current may be occupied by a fluid composed of the 
two eleotnmties, not m the proportions which form the neutral 
fluid but with an excess of that one of them which is opposite 
to the electricity peculiar to the molecules of the metal, and 
which consequently masks this latter electricity In this inter 
molecular fluid the opposite electncities are continually bemg 
dissociated and recombmed , a dissociation of the fliud within 
one mter molecular mterval havmg taken place, the positive 
deetncity thus produced imites with the negative electneity 
of the mtOTval next to it m the direction of the current, while 
the native electricity of the first interval umtes with the 
positive electneity of the next mterval m the other direction 
Such mterchanges accordmg to this hypothesis constitute the 
electnc current 

Ampere’s memoir is however, but httle occupied with the 
more speculative side of the subject His first aim was to 
mvestigate thoroughly by experiment the ponderomotive forces 
on electnc currents 

When he remarks M Oersted discovered the action 
which a current exercises on a magnet, one might certamly have 
suspected the existence of a mutual action between two circuits 
carrying currents , but this was not a necessary consequence , 
for a bar of soft iron also acts on a magnetised needle, although 
there is no mutual action between two bars of soft iron." 

Amp^e therefore, subnutted the matter to the test of the 
labOTatory, and discovered that circmts carrying electric 
cuirente exert ponderomotive forces on each other, and that 

* d?ohBervat%om SUetro tfvnnmxqmsy pp 297 800 871 
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ponderomotive forces are exerted on such currents by magnets 
To the science which deals with the mutual action of currents 
he gave the name electro dynamics ,* and he showed that the 
action obeys the following laws — 

(1) The effect of a current is reversed when the direction of 
the current is reversed 

(2) The effect of a current flowmg m a circuit twisted mto 
small sinuosities is the same as if the circuit were smoothed out 

(3) The force exerted by a closed circmt on an element of 
another circuit is at right angles to the latter 

(4) The force between two elements of circuits is unaffected 
when all linear dimensions are increased proportionately, the 
current-strengths remammg unaltered 

From these data, together with his assumption that the force 
between two elements of circuits acts along the line joining them, 
Ampere obtained an expression of this force the deduction may 
be made m the following way — 

Let ds ds be the elements, r the line joining them, and % 
the current strengths From (2) we see that the effect of ds on 
ds' IS the vector sum of the effects of dx dy dz on ds', where 
these are the three components of ds so the required force 
must be of the form — 

r X a scalar quantity which is hnear and homogeneous in ds , 
and it must similarly be hnear and homogeneous in ds', so 
using (1) we see that the force must be of the form 
F = ((ds ds') ^ (r) + (ds r) (ds' r) yp (r) j 
where and yp denote undetermined functions of r 

From (4) it follows that when cfo ds' r are all multiphed by 
the same number, F is unaffected this shows that 

and = 

where A and £ denote constants Thus we have 



Loe cit , p 298 


90 


Galvamsm, from Galvam to Ohm 

Kow by (3) the resolved part of F along ds' must vanish when 
integrated round the circuit s i e it must be a complete 
differehtial when dr is taken to be equal to - ds That is te 
say 

Aida dsO(r ds') ^ £(ds r) (ds' r)» 

must be a complete differential , or 

-^d (r ds)»H-^(d8 r) (r ds )* 
must be a complete differential , and therefore 

or B - - 

Thus finally we have 

F = Constant x u'r (ds ds') - ^ 5 (ds r)(ds' r)| 

This IS Ampere s formula the multiplicative constant depend®, 
of course on the units chosen and may be taken to be - 1 

The weakness of Amperes work evidently lies in the 
assumption that the force is directed along the line joining the- 
two elements for in the analogous case of the action between 
two magnetic molecules, we know that the force is not directed 
along the hne joimng the molecules It is therefore of interest 
to find the form of F when this restriction is removed 

For this purpose we observe that we can add to the expression 
already found for F any term of the form 

(ds r) ds 

where ^(r) denotes any arbitrary function of ? , for since 
(dsr)=-, ds%, 

this term vanishes when integrated round the circuit s , and it. 
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contains da and da' linearly and homogeneously as it should 
We can also add any terms of the form 
cf{r (da' r) x0)( 

where x(^) denotes any arbitrary function of 'i and d denotes 
differentiation along the arc a, keeping da' fixed (so that 
dr = - da) , this differential may be written 

- da (da' r) xW ~ ^ ^) ~ 7 ) r (ds r) (da' r) 

In order that the law of Action and Eeaction may not be 
violated we must combine this with the former additional term 
so as to obtain an expression symmetrical m da and da' and 
hence we see finally tJiM the gei^et al mine 0 / F w gvoen ly the 
egiiatwn, 

F = - ^^'r (da da') - ^(da r)(da r)[ 

+ ^{r} (da' r)da + xC’’) (da r) da + x(’)(^ 

+ 7 X'W(d® r)(ds' r)r 
The simplest form of this expression is obtamed by taking 

when we obtain 

F = ^{(ds r) ds' + (ds r)da - (da da'kl 

The comparatively simple expression in brackets is the 
vector part of the quaternion product of the three vectors 

da, r, da' • 

From any of these values of F we can find the ponderomotive 
force exerted by the whole circuit a on the element da' it is in 
fact from the last expression, 

ii'|^{(ds'r) da- (da ds)r} 

* The simpler form of F given in the text is if the term in ds he omitted the 
form given by Giassmann Ann d Phys hav (1846) p 1 For further work on 
this subject of Tait Proo R S Edin viu (1873), p 220 and Koiteweg, Journal 
fur Math xc (1881) p 45 
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or 


'a. 


Js L 


or 


B], 

where 

B = t 



Kow this value of B is precisely the value found by Biot and 
Savart* for the magnetic intensity at ds' due to the current % in 
the circuit s Thus we see that the ponderomotive force on a 
current element ds' in a magnetic field B is ^ [ds B] 

Ampke developed to a considerable extent the theory 
of the equivalence of magnets with circuits carrying currents , 
and showed that an electnc current is equivalent in its 
magnetic effects to a distribution of magnetism on any 
surface terminated by the circuit, the axes of the magnetic 
molecules bemg everywheie normal to thia surface f such a 
magnetized surface is called a Wj(tgnet%c shell He preferred, 
however to regard the current rather than the magnetic fluid 
as the fundamental entity, and considered magnetism to be 
really an electrical phenomenon each magnetic molecule owes 
its properties, according to this view, to the presence within it 
of a small closed circuit in which an electric current is 
perpetually flowing 

The impression produced by Amperes memoir was great 
and lastmg Writing half a century afterwards Maxwell 
speaks of it as one of the most brilliant achievements in 
science’ '‘The whole,’ he says theory and experiment, 
seems as if it had leaped, full grown and full-armed, from the 
bram of the ITewton of electricity It is perfect in form and 
unassailable in accuracy , and it is summed up in a formula 
from which all the phenomena may be deduced and which 
must always remain the cardinal formula of electrodynamics ’ 
Not long after the discovery by Oersted of the connexion 
between galvanism and magnetism, a connexion was discovered 
between galvanism and heat In 1822 Thomas Johann Seebeck 

* See ante p 86 


t Loc oit , p 367 
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(5 1770, d 1831), of Berlin discovered* that an electric current 
can be set up in a circuit of metals, without the interposition 
of any hquid merely by disturbmg the equilibrium of 
temperature Let a ring be formed of copper and bismuth 
soldered together at the two extremities, to establish a 
current it is only necessary to heat the ring at one of these 
junctions To this new class of circuits the nama thermo 
deetric was given 

It was found that the metals can be arranged as a 
thermo dectrw series in the order of their power of generating 
currents when thus paired and that this order is quite different 
from Volta’s oidei of electromotive potency Indeed antimony 
and bismuth which are near each other m the latter series are 
at opposite extremities of the former 

The currents generated by thermo electnc means are 
generally feeble and the mention of this fact brmgs us to 
the question which was about this time engagmg attention, 
of the efficacy of different voltaic arrangements 

Comparisons of a rough kind had been instituted soon after 
the discovery of the pile The Fiench chemists Antome 

Francois de Fourcroy (6 1755 d 1809) Louis ]!7icolas 

Yauquehn (J 1763, d 1829; and Louis Jacques Th^nard 
(5 1777 d 1857) foundt m 1801, on varying the size of the 

metallic disks constituting the pile that the sensations 

produced on the human frame were unaffected so long as the 
number of disks remamed the same, but that the power of 
bummg finely drawn wire was altered, and that the latter 
power was proportional to the total surface of the 
employed whether this were distributed among a amaJl number 
of large disks ora large number of small ones This was 

♦Abliandl d Berlin Akad 1822-3 , Ann d Phys Ixxin (1823) pp 115 
430 VI (1826) pp 1 133 253 

Volta had previously noticed that a silver plate vrhose ends "were at different 
temperatures appeared to act like a voltaic cell 

Purther expemnents vrere performed by James Gumming (d 1777 d 1861) 
Professor of Chemistry at Cambridge Trans Camb Phil Soo u (1823) p 47 
and by Antome C5sar Becquerel (d 1788 d 1878) Annales de Ohimie xxsi 
(1826) p 371 f Ann de Ohimie xxxix (1801), p 103 
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explained by supposing that small plates give a small quantity 
of the electric fluid with a high velocity, while large plates 
give a larger quantity with no greater velocity Shocks, 
which were supposed to depend on the velocity of the fluid 
alone would therefore not be intensified by increasing the size 
of the plates 

The effect of varying the conductors which connect the 
ternunals of the pile was also studied Nicolas Gautherot 
(6 1753 d 1803) observed* that water contained m tubes which 
have a narrow opening does not conduct voltaic currents so 
well as when the opening is more considerable This experi- 
ment IS evidently very similar to that which Beccana had 
performed half a century previouslyt with electrostatic 
discharges 

As we have already seen, Cavendish investigated very 
completely the power of metals to conduct electrostatic 
discharges, their power of conducting voltaic currents was 
now exammed by DavyJ: His method was to connect the 
terminals of a voltaic battery by a path containmg water 
(which it decomposed), and also by an alternative path 
consistmg of the metallic wire under exammation When the 
length of the wire was less than a certam quantity, the water 
ceased to be decomposed, Davy measured the lengths and 
weights of wires of different materials and cross-sections under 
these limitmg circumstances , and by comparing them, showed 
that the conducting power of a wire formed of any one metal 
is inversely proportional to its length and directly proportional 
to its sectional area, but independent of the shape of the cross- 
section § The latter fact as he remarked, showed that voltaic 
currents pass through the substance of the conductor and not 
along its surface 

Davy, m the same memoir, compared the conductivities of 
various metals, and studied the effect of tempeiature he found 

* Anaales de Chim , xxxix (1801) p 203 t See p 53 

tPlul Irans 1821 p 433 His results were confirmed afterwards by 
Becquerel Aonales de Clumie xxm (1826) p 423 

§ These results had been known to Cavendish 
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that the conductivity varied with the temperature being 
lower m some inverse ratio as the temperature was bi gVioi' ’ 

He also observed that the same magnetic power is exhibited 
by every part of the same circuit even though it be formed 
of wires of different conductmg powers pieced into a cham, 
so that the magnetism seems directly as the quantity of 
electricity which they transmit 

The current which flows in a given voltaic circuit evidently 
depends not only on the conductors which form the circuit, 
but also on the dnving power of the battery In order to form” 
a complete theory of voltaic circuits, it was therefore necessary 
to extend Davy s laws by takmg the dnving power mto 
account This advance was effected in 1826 by Georg Simon 
Ohm* (6 1787 d 1854) 

Ohm had already earned out a considerable amount of 
expenmental work on the subject and had eg discovered that 
if a number of voltaic cells are placed in series m a circuit the 
current is proportional to their number if the external 
resistance is very large but is independent of their number if 
the external resistance is small He now essayed the task 
of combmmg all the known lesults into a consistent theory 
Tor this purpose he adopted the idea of comparing the flow 
of electncity m a current to the flow of heat along a wire, the 
theory of which had been famihar to all physicists smee’ the 
pubhcation of Fourier’s TMone analytigw de la choXmr m 
1822 I have proceeded, he says, from the supposition that 
the communication of the electncity from one particle takes 
place directly only to the one next to it so that no immediate 
transition from that particle to any other situate at a greater 
distance occurs The magnitude of the flow between two 
adjacent particles under otherwise exactly similar circum- 
stances I have assumed to be proportional to the difference of 


X . f P ™ PP j>*e Balvmt^che Sett, 

mat^atischbrnieitet Berlin, 1827 tianslated in Taylors SeienHJe Memoir, 
u (1841) p 401 Of dso subsequent papers by Ohm in Kastner s Srehwfyr 
a ffes Naturkhre^ and Schweigger’s Jahrbucli 
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th© ©leotnc forces existing in the two particles , just as in th©' 
theory of heat, the flow of caloric between two particles is 
regarded as proportional to the diffeience of their temperatures 
The eompanson between the flow of electncity and the flow 
of heat suggested the propriety of introducmg a quantity 
whose behaviour in electrical problems should resemble that of 
temperature m th© theory of heat The differences m th© 
values of such a quantity at two points of a circuit would 
provide what was so much needed, namely, a measure of the 
dnvmg power ” acting on the electricity between these 
pomts To carry out this idea Ohm recurred to Volta’s theory 
of the electrostatic condition of the open pile It was cus- 
tomary to measure the ‘ tension ’ of a pile by connectmg one 
toTTmTia.1 to earth and testing the other terminal by an 
electroscope Accordingly Ohm says “ In older to investigate 
the changes which occur m the electric condition of a body A 
in a perfectly deflmte manner, the body is each time brought 
under «nTmlii.r circumstances mto relation with a second 
moveable body of invariable electrical condition, called the 
dedroscope, and the force with which th© electroscope is 
repelled or attracted by the body is defcermmed This force is 
termed the eleotroscopie force of the body A ” 

The gamw body A may also serve to determine the electro 
scopio force m various parts of the same body Tor this 
purpose take the body A of very small dimensions, so that 
when we brmg it into contact with the part to be tested of any 
third body, it may fiom its smallness be regarded as a substitute 
for part then its electroscopic force, measuied in the way 
described will when it happens to be different at the various 
places make known the relative differences with regard to 
electncity between these places ” 

Ohm assumed as was customary at that penod that when 
two metsls are placed m contact, they constantly mamtain at 
the pomt of contact the same difference between their electro 
scopic forces ” He accordingly supposed that each voltaic cell 
possesses a deflmte tension or discontmuity of electroscopic 
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force which is to be regarded as its contribution to the dnviug- 
force of any circuit in which it may be placed This assumption 
confers a definite meaning on his use of the term electroscopic 
force 5 the force m question is identical with the electrostatic 
potential But Ohm and his contemporaries did not correctly 
understand the relation of galvanic conceptions to the 
electrostatic functions of Poisson The electroscopic force 
m the open pile was generally identified with the thickness 
of the electrical stratum at the place tested , while Ohm 
reoognizmg that electric currents are not confined to the 
surface of the conductors but penetrate their substance 
seems to have thought of the electroscopic force at a place m 
a cmcuit as bemg pioportional to the volume-density of 
electricity there — an idea m which he was confirmed by the 
relation which m an analogous case, exists between the 
temperature of a body and the volume density of heat 
supposed to be contamed in it 

Denotmg then, by B the current which flows in a wire of 
conductivity y, when the difference of the electroscopic forces at 
the termmals is JE Ohm writes 

From this formula it is easy to deduce the laws already given 
by Davy Thus, if the area of the cross section ot a wire 
IS -4 we can by placing n such wires side by side construct 
a vnre of cross section nA If the quantity E is the same 
for each equal currents will flow m the wires , and therefore 
the current m the compound wire wJl be n times that in 
the single vme, so when the quantity E is unchanged the 
current is proportional to the cross section , that is the 
conductivity of a wire is directly proportional to its cross section 
which IS one of Davy s laws 

In spite of the confusion which was attached to the idea of 
electroscopic force, and which was not dispelled for some years, 
the pubhcation of Ohms memoir marked a great advance 
m electrical philosophy It was now clearly understood that 
the current flowmg in any conductor depends only on the 

H 
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conductivity inherent m the conductor and on another variable 
v^hich hears to electricity the same relation that temperature 
bears to heat, and moreover it v^as reahzed that this latter 
variable is the hnk connecting the theory of currents with 
the older theory of electrostatics These principles were a 
sufficient foundation for future progress, and much of the 
work which was puhhshed m the second quarter of the century 
was no more than the natural development of the pnnciples 

lard down by Ohm * , , , . 

It 18 pamful to relate that the discoverer had long to wait 

before the merits of his great achievement were officially 
recognized. Twenty two years after the publication of the 
memoir on the galvanic circmt he was promoted to a university 
professorship, this he held for the five years which remained 
until his death in 1854 


• Ohms theory was eonfixmed experimentally hy several mvesti^tois, among 
vhom may he motioned Gustav Theodor Feehner(i 1801, d 1887) 

aJsr dxe GaTmmsche Kelte leipsig 1831), and Charles Wheatstone 
1802 i 1875) (Phil Trans 1843 p 303) 
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THE lUMINIPBEOTTS) MEDIUM FEOM BRADLEY TO FRESNEL. 

Although Newton as we have seen, refrained from eommittmg 
himself to any doctnne regarding the ultimate nature of l^ht, 
the writers of the next generation interpreted his criticism of 
the wave theory as equivalent to an acceptance of the 
corpuscular hypothesis As it happened, the chief optical 
discovery of this period tended to support the latter theory, 
by which it was first and most readily explamed. In 1728 
James Bradley (J 1692 d 1762), at that time Savihan 
Professor of Astronomy at Oxford sent to the Astronomer 
Royal (Halley) an Account of a new discovered motion of the 
Fix d Stars ’ * In observing the star 7 in the head of the 
Dragon, he had found that dunng the wmtei of 1725-6 the 
transit across the meridian was continually more southerly, 
while dunng the followmg summer its ongmal position was 
restored by a motion northwards Such an effect could not be 
explamed as a result of parallax , and eventually Bradley 
guessed it to he due to the gradual propagation of hght f 
Thus, let GA. denote a ray of light falhng on the line BA , 
and suppose that the eye of the observer is travellmg 
along BA, with a velocity which is to the velocity 
of light as BA 18 to GA Then the corpuscle of 
light, by which the object is discermble to the eye 
at A, would have been at G when the eye was at 
B The tube of a telescope must therefore be pomted 
in the direction BC, m order to receive the rays 
from an object whose light is really propagated in 
the dmection GA The angle BGA measures the 
difference between the real and apparent positions ^ 
of the object , and it is evident from the figure that the sme of 

*Phil Trans xacsv (1/28) p 637 

t Poemer, in a letter to Huygens of date SOtb Dec , 1677 mentions a suapected 
displacement of the appaient position of a star, due to the motion of the earth at 
right angles to the line of sight Cf Cotrespondance de JECtty^ens viu p 63 

H 2 
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this angle ifi to the sme of the visible inclination of the object 
to the line in which the eye is movmg as the velocity of the eye 
is to the velocity of light Observations such as Bradley’s wiU 
therefore enable us to deduce the ratio of the mean orbital 
velocity of the earth to the velocity of hght or as it is caUed 
m wtidavd ofaberraiwn, from its value Bradley calculated that 
hght IS propagated from the sun to the earth m 8 mmutes 
12 seconds which as he remarked “is as it were a Mean 
betwixt what had at different times been determined from the 
echpses of Jupiter’s satelhtes * 

With the exception of Bradleys discovery which was 
primarily astronomical rather than optical the eighteenth 
century was decidedly barren as regards both the expenmental 
and the theoretical investigation of light , in cunous contrast 
to the brilliance of its record m respect of electrical researches 
But some attention must be given to a suggestive studyt of the 
smt hpiT for which the younger J ohn Bemoulh (6 1710, d 1790) 
was in 1736 awarded the prize of the French Academy His 
£deas seem to have been ongmally suggested by an attemptj 

♦ Struye in 1845 found for the constant of aberration the value 20 445 wbioh 
he afterwards corrected to 20 463 This was superseded in 1883 by the value- 
20^ 492 determined by M Nyren The observations of both Struve and Nyr^a 
were made with the transit in the prime vertical The method now generally 
used depends on the measurement of differences of mendian zenith distances* 
(Talcott s method as apphed by F Kustner Beobachtungs Ergehnisse der kdn 
Stemwarte zu Berhn Heft 3 1888) the value at present favoured for the- 

constant of aberration is 20 523 Cf Chandler Ast Journal xxm pp 1 12 
(1903) 

The collective translatory motion of the solar system gives rise to aberrational 
terms m the apparent places of the fbced stars but the principal term of this 
character does not vary with the time and consequently is equivalent to a 
permanent constant displacement The second order terms (i e those which 
involve the ordinary constant of aberration multiphed by the sun^s velocity) 
might he measurable quantities in the case of stars near the Pole and the same is 
true of the variations in the first order terms (i e those which involve the sun’s 
velocity not multiphed by the constant of aberration) due to the ciroiimstanoe 
that the star s apparent E A and Declination which occur in these terms aie 
not constant hut are affected by Precession Nutation, and Aberration Cf 
Seeliger Ast Nach , cix p 273 (1884) 

t Printed m 1752, in the J^ectieil des pieces qm ont remporUs les priso ds I Acad ^ 
tome m j ffmd%to)um mdooi, p 19 



from Bradley to Fresnel 


101 


which his father, the elder John Bernoulli (S 1667, d 1748) 
had made in 1701 to connect the law of refraction with the 
mechanical principle of the composition of forces If two 
opposed forces whose ratio is /x maintam in equilibrium a 
particle which is free to move only in a given plane, it follows 
from the triangle of forces that the directions of the forces must 
»obey the relation 

sin ^ = /£ sm r 

where i and r denote the angles made by these directions with 
the normals to the plane This is the same equation as that 
which expresses the law of refraction and the elder Bernoulli 
conjectured that a theory of hght might be based on it , but 
he gave no satisfactory physical reason for the existence of 
forces along the incident and refracted rays This defect his 
son now proceeded to remove 

All space, according to the younger Bernoulli, is permeated 
by a fluid aether, contaimng an immense number of excessively 
small whirlpools. The elasticity which the aether appears to 
possess and in virtue of which it is able to transmit vibrations, 
IS really due to the presence of these whirlpools , for, owing to 
centrifugal force, each whirlpool is continually striving to 
dilate, and so presses agamst the neighbouring whirlpools It 
will be seen that Bernoulli is a thorough Cartesian in spirit , 
not only does he reject action at a distance but he insists that 
•even the elasticity of his aether shall be explicable in terms of 
matter and motion 

This aggregate of small vortices or "fine-grained turbulent 
motion,** as it came to be called a century and a half later * is 
interspersed with sohd corpuscles, whose dimensions are small 
(Compared with their distances apart These are pushed about 
by the whirlpools whenever the aether is disturbed but never 
travel far from their original positions 

A source of light communicates to its surroundings a 
disturbance which condenses the nearest whirlpools , these by 

*0f Loid K.elvxn s vortex sponge aether, destiibed later in this vor)t 
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t TiPiir nnT i i^ATmn.t,inTi displace the contiguous corpuscles from their 
equilibrium position , and these m turn produce condensations 
m the whirlpools next beyond them so that vibrationB are 
propagated m every direction from the luminous pomt It is 
cunoos that Bernoulli speaks of these vibrations as longtivdmal, 
and actually contrasts them with those of a stretched coid 
which when it is sbghtly displaced from its rectilinear form, 
and then let go performs t'lomsoerse vibrations m a direction at 
right angles to the direction of the cord’ When it is 
remembered that the objection to longitudinal vibrations, on 
the score of polanzation had already been clearly stated by 
Newton, and that Bemoulh’s aether closely resembles that 
which Maxwell mvented m 1861-2 for the express purpose of 
aAftiiTing transversality of vibration one feels that perhaps iiO' 
TTian ever so narrowly missed a great discovery 

Bemoulh explained refraction by combmmg these ideas 
with those of his father Withm the pores of ponderable 
bodies the whirlpools are compressed so the centrifugal force 
must vary m mtensity from one medium to another Thus a 
corpuscle situated m the interface between two media is acted 
on by a greater elastic force from one medium than from the 
other, and by applying the triangle of forces to find the 
conditions of its equihbnum the law of Snell and Descartes 
may be obtained 

Not long after this the echoes of the old controversy 
between Descartes and Fermat about the law of refraction 
were awakened’' by Pierre Louis Moreau de Maupertms (jb 1698, 
d 1769) 

It will be remembered that accordmg to Descartes the 
velocity of hght is greatest m dense media, while according to 
Fermat the propagation is swiftest m free aether The argu 
ments of the corpuscular theory convmced Maupertms that on 
this particular pomt Descartes was m the n^ht, but never 
theless he wished to retam for science the beautiful method by 
which hermat had demed his result This he now proposed 
•Mem delAoad,l744 p 417 
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to do by modifying Fermat’s prmciple so as to make it agree 
with the corpuscular theory, instead of assuming that hght 
follows the gy/ichest path he supposed that the path described 
IS that by which the quantity of action is the least , and this 
action he defined to be proportional to the sum of the spaces 
described each multiphed by the velocity with which it is 
traversed Thus instead of Fermat s expression 

or 

(where t denotes tune v velocity, and ds an element of the path) 
Maupertuis mtroduced 

fv ds 

as the quantity which is to assume its minimum value when the 
path of mtegration is the actual path of the hght Smce 
Maupertuis v which denotes the velocity according to the 
corpuscular theory is proportional to the leciprocal of I'ermat s 
V which denotes the velocity siccordmg to the wave theory, the 
two expressions are really equivalent and lead to the same law 
of refraction Maupertuis memoir is however of great 
interest from the point of view of dynamics , for his suggestion 
was subsequently developed by himself and by Euler and 
Lagrange into a general prmciple which covers the whole 
range of Nature, so far as Nature is a dynamical system 

The natural philosophers of the eighteenth century for the 
most part, like Maupertuis, accepted the corpuscular hypothesis , 
but the wave theory was not without defenders Eranklin 
declared for it, and the celebrated mathematician Leonhard 
Euler (6 1707, d 1783) ranged himself on the same side In a 
■work entitled iVcwa Theona Lumet Qolmvm pubhshedf while 
he was living under the patronage of Eredenc the Great at 
Berlm, he msisted strongly on the resemblance between light 
and sound , light is m the aether the same thing as sound m 
air” Acceptmg Newton’s doctrine that colour depends on 
* Letter Tfgm wntteii m 1762 

tL OpusGula varx% argnmenti Berlin 1746, p 169 
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wave length he m this memoir supposed the frequency greatest 
for red light and least for violet , but a few years later* he 
adopted the opposite opinion 

The chief novelty of Eulers wntmgs on light is his 
explanation of the manner m which material bodies appear 
coloured when viewed by white light , and, m paiticular, of the 
way m which the colours of thm plates are produced He 
denied that such colours are due to a more copious reflexion of 
hght of certam particular penods and supposed tliat they 
represent vibrations generated withm the body itself under the 
stimulus of the mcident light A coloured surface according 
to thiH hypothesis, contains large numbers of elastic molecules, 
which when agitated emit hght of penod depending only 
on their own structure The colours of thm plates Euler 
explained in the same way , the elastic response and free period 
of the plate at any place would he conceived depend on its 
thickness at that place , and m this way the dependence of the 
colour on the thickness was accounted for, the phenomena as 
a whole being analogous to well known effects observed in 
experiments on sound 

An attempt to unprove the corpuscular theory in another 
direction was made m 1762 by the Marquis de Oourtivron,t and 
mdependently m the following year by T MelviUf These 
writers suggested, as an explanation of the different refran 
gibihty of different colours that ‘the differently colour’d rays 
are projected wiih different velocities from the lummous body 
the red with the greatest violet with the least, and the inter- 
mediate colours with mtermediate degrees of velocity ’ On 
this supposition as its authors pomted out, the amount of 
aberration would be different for every different colour, and 
•flie sateUites of Jupiter would change colour from white through 
green to violet through an mtervaJ of more than half a mmute 
before them unmersion into the planets shadow, while at 
emersion the contrary succession of colours should be observed, 

*Hem dfilAcad deBerlm 1762,p 252 t Courbvion’s JVdtWd 1762 
JPhil Tran* xlvui (1763) p 262 
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"beginning with red and ending in white The testimony of 
practical astronomeis was soon given that such appearances are 
not observed , and the hypothesis was accordingly abandoned 
The fortunes of the wave theory began to brighten at the 
end of the century when a new champion arose Thomas 
Young born at Milverton in Somersetshire in I77d, and 
trained to the practice of medicine began to write on optical 
theory in 1799 In his first paper* he remarked that according 
to the corpuscular theory, the velocity of emission of a 
corpuscle must be the same in all cases whether the projectmg 
force be that of the feeble spark produced by the friction of two 
pebbles or the intense heat of the sun itself — a thing almost 
incredible This dijBficulty does not exist m the undulatory 
theory smce all disturbances are known to be transmitted 
through an elastic fluid with the same velocity The reluctance 
which some philosophers felt to filling all space "with an elastic 
fluid he met with an argument which strangely foreshadows 
the electric theory of light That a medium resembling in 
many properties that which has been denominated ether does 
really exist is undeniably proved by the phenomena of 
electricity The rapid transmission of the electrical shock 
shows that the electric medium is possessed of an elasticity as 
great as is necessaiy to be supposed for the piopagation of light 
Whether the electiic ether is to be considered the same with 
the luminous ether, if such a fluid exists may perhaps at some 
future time be discovered by experiment hitherto I have not 
been able to observe that the refractive power of a fluid 
undergoes any change by electricity” 

Young then proceeds to show the superior power of the 
wave-theory to explam leflexion and refraction In the 

-corpuscular theory it is difficult to see why part of the light 
should be reflected and another part of the same beam reflected , 
but in the undulatory theory there is no trouble as is shown 
by analogy with the partial reflexion of sound from a cloud or 
denser stratum of air Nothing more is necessary than to 
* Phil Tran'? 1800, p 106 
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suppose all refracting media to retain by their attraction a 
greater or less quantity of the luminous ether so as to make its 
density greater than that which it possesses in a vacuum 
without mcreasmg its elasticity ’’ This is precisely the 
hypothesis adopted later by Fresnel and Gieen 

In 1801 Young made a discovery of the first magnitude* 
when attempting to explam Newton^s rings on the prmciples of 
the wave theory Eejectmg Euler s hypothesis of induced 
vibrations he assumed that the colours observed all exist in 
the mcident light and showed that they could be derived from 
it by a process which was now for the first time recognized 
m optical science 

The idea of this process was not altogether new for it had 
been used by Newton in his theory of the tides ‘ It may 
happen he wrote f that the tide may be propagated from the 
ocean through different channels towards the same port and 
may pass in less time through some channels than through 
others m which case the same generating tide being thus 
divided into two or more succeeding one another, may produce 
by composition new types of tide Newton apphed this 
prmciple to explam the anomalous tides at Batsha m Tonkin, 
which had previously been described by Halley J 

Youngs own illustration of the principle is evidently 
suggested by Newton s Suppose he says § a number of 
equal waves of water to move upon the surface of a stagnant 
lake, with a certain constant velocity, and to enter a narrow 
channel leading out of the lake , suppose then another similar 
cause to have excited another equal series of waves, which 
arrive at the same channel with the same velocity and at the 
same time with the first Neither series of waves will destroy 
the other, but their effects will be combined , if they enter the 
channel m such a manner that the elevations of one series 

comcide with those of the other they must together produce a 

series of greater joint elevations , but if the elevations of one 

* Phil Trans 1802 pp 12 387 t ^\nc\pxa Book in, Prop 24 

J Phil irans xiv (1684) p 681 § Young s WoikSf i, p 202 
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senes are so situated as to correspond to the depressions of the 
other they must exactly fill up those depressions and the 
surface of the water must remain smooth Now I maintain 
that similar effects take place whenever two portions of light 
are thus mixed , and this I call the general law of the ^ntetfen ence 
of hght 

Thus whenever two portions of the same hght arnve to the 
eye by different routes either exactly or very nearly m the same 
direction the light becomes most intense when the difference of 
the routes is any multiple of a certain length and least mtense 
m the mtermediate state of the interfenng portions , and this 
length IS different for hght of different colours 

Young s explanation of the colours of thm plates as seen by 
reflexion was then that the uicident hght gives rise to two 
beams which reach the eye one of these beams has been 
reflected at the first surface of the plate and the other at the 
second surface , and these two beams produce the colours by 
their interference 

One difficulty encountered in leconcihng this theory with 
observation arose from the fact that the central spot in Newton a 
rings ^where the thickness of the thin film of air is zero) is 
black and not white as it would be if the interfenng beams were 
similar to each Other in aU respects To account for this Young 
showed, by analogy with the impact of elastic bodies that when 
light IS reflected at the surface of a denser medium its phase 
IS retarded by half an undulation so that the interfeimg 
beams at the centre of Newton’s nngs destroy each other The 
correctness of this assumption he venfied by substitutmg essence 
of sassafras (whose refractive mdexis inteimediate between those 
of crown and flint glass) for air in the space between the lenses, 
as he anticipated the centre of the nng-system was now white 
Newton had long be^’ore observed that the rings are smaller 
when the medium producmg them is optically more dense 
Interpreted by Young s theory this defimtely proved that the 
wavelength of light is shorter in dense media and therefore 
that its velocity is less 
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The puhlication of Young s papers occasioned a fierce attack 
on hiTYi in the Ed^nlurgli Bemeio from the pen of Henry 
Brougham, afterwards Lord Chancellor of England Young 
rephed in a pamphlet of which it is said* that only a single 
copy was sold , and there can be no doubt that Brougham for 
the time bemg achieved his object of discrediting the wave- 
theory t 

Young now turned his attention to the fringes of shadows 
In the corpuscular explanation of these it was supposed that 
the attractive forces which operate m refraction extend their 
influence to some distance from the surfaces of bodies and 
inflect such rays as pass close by If this were the ease, the 
amount of mflexion should obviously depend on the strength of 
the attractive forces, and consequently on the refractive indices 
of the bodies — a proposition which had been refuted by the 
experiments of s Gravesande The cause of diffraction effects 
was thus wholly unknown until Young m the Bakeiian lecture 
for 1803 } showed that the prmciple of interference is concerned 
in their formation , for when a hair is placed in the cone of lays 
divergmg from a luminous point the mtemal fringes (i e those 
within the geometrical shadow) disappear when the light passing 
on one side of the hair is mtercepted His conjecture as to the 
oiigm of the interfering rays was not so fortunate, for he attri- 
buted the frmges outside the geometrical shadow to interference 
between the direct rays and rays reflected at the diffracting 
edge , and supposed the internal frmges of the shadow of a 
narrow object to be due to the interference of rays mflected by 
the two edges of the object 

The success of so many developments of the wave-theory 
led Young to inquire more closely into its capacity for solving 
the chief outstanding pioblem of optics — that of the behaviour 
of light m crystals The beautiful construction for the extra* 

^ Peacock s Life of Young 

t Strange fellow ’ wrote Macaulay when half a centuiy afterwards he 
found himself sitting beside Brougham in the House of Lords his powers 
gone his spite immoital 

f Phil Trans 1804 Young s WorTy^ i p 179 
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ordinal y ray given by Huygens had lam neglected for a century ^ 
and the degree of accuracy with which it represented the 
observations was unknown At Young s suggestion Wollaston"* 
mvestigated the matter experimentally and showed that the 
agreement between his own measurements and Huygens’ rule 
was remarkably close ^ I think he wrote ‘ the result must be 
admitted to be highly favourable to the Huygemaii theory ^ 
and, although the existence of two refractions at the same tune 
m the same substance, be not well accounted for, and still less 
their mterchange with each other when a ray of light is made 
to pass through a second piece of spar situated transversely to 
the first yet the obhque refraction when considered alone, seema 
nearly as well explained as any other optical phenomenon 

Meanwhile the advocates of the corpuscular theory were not 
idle , and in the next few years a succession of discoveries on 
their part both theoretical and experimental seemed likely to 
imperil the good position to which Young had advanced the 
rival hypothesis 

The first of these was a dynamical explanation of the 
refraction of the extraordmar} ray in crystals, which was 
pubhshed in 1808 by Laplace t His method is an extension of 
that by which Maupertuis had accounted for the refraction of 
the ordinary ray and which smce Maupertuis day had been so 
developed that it was now possible to apply it to problems of 
all degrees of complexity Laplace assumes that the crystalhne 
m^inm acts on the hght corpuscles of the extraordmary ray so 
as to modify their velocity m a ratio which depends on the 
inclination of the extraordinary ray to the axis of the crystal 
so that m fact, the difference of the squares of the velocities of 
the ordinary and extraordmary rays is proportional to the 
square of the sine of the angle which the latter ray makes with 
the axis The principle of least action then leads to a law of 
refraction identical with that found by Huygens construction 

* Phil Trans , 1802 p 381 

tM6m derinst, 1809 p 300 Journal de Physique Jan , 1809 Mdm de 
la Soc d Aroueil, u 
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with the spheroid, just as Maupertuis’ investigation led to a 
law of refraction for the ordinary ray identical with that found 
by Huygens construction with the sphere 

The law of refraction for the extraoidmary ray may also be 
deduced from Fermat’s principle of least tune provided that the 
velocity IS taken inversely proportional to that assumed in the 
prmciple of least action, and the velocity appropriate to 
Fermat s pnnciple agrees with that found by Huygens bemg, m 
fact proportional to the radius of the spheroid These results 
are obvious extensions of those already obtained for ordmary 
refraction 

Laplaces theory was promptly attacked by Young,* who 
pointed out the unprobability of such a system of forces as 
would be required to impress the requisite change of velocity on 
the light oorpuscles If the aim of controversial matter is to 
eonvmee the contemporary world Young’s paper must be 
counted unsuccessful , but it permanently enriched science by 
proposing a dynamical foundation for double refraction on the 
prmciples of the wave-theory A solution he says, ‘ might 
be deduced upon the Huygenian principles from the simplest 
possible supposition that of a medium more easily compressible 
m one direction than m any direction perpendicular to it, as if it 
consisted of an infimte number of parallel plates connected by 
a substance somewhat less elastic Such a structure of the 
elementary atoms of the crystal may be understood by compar- 
mg them to a block of wood or of mica Mr Ohladni found that 
the mere obhquity of the fibres of a rod of Scotch fir reduced 
the velocity with which it transmitted sound in the proportion 
of 4 to 5 It IS therefore obvious that a block of such wood 
must transimt every impulse in spheroidal — that is, oval — 
undulations, and it may also be demonstrated as we shall 
show at the conclusion of this article, that the spheroid will be 
“truly elliptical when the body consists either of plane and 
parallel strata or of eqmdistant fibres supposing both to be 
extremely thm and to be connected by a l^s highly elastic 

♦ Quarterly Review Nov 1809 Young’s Worki i, p 220 
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•substance , the spheroid being in the former ease oblate and in 
the latter oblong ’ Young then proceeds to a formal proof 
that an impulse is propagated through every perpendicular 
section of a lamellar elastic substance in the form of an elliptic 
undulation This must be regarded as the beginning of 
the dynamical theory of light in crystals It was confirmed 
in a striking way not long afterwards by Brewster * who found 
that compression in one direction causes an isotropic transparent 
solid to become doubly refractmg 

Meanwhile m January, 1808 the French Academy had 
proposed as the subject for the physical prize in 1810 “To 
furnish a mathematical theory of double refraction and to 
confirm it by experiment ” Among those who resolved to 
compete was Etienne Loms Malus (5 1775 d 1813) a colonel 
of engmeers who had seen service with Napoleon s expedition 
to Egypt While conducting experiments towards the end of 
1808 in a house m the Eue des Enfers in Pans Malus happened 
to analyse with a rhomb of Iceland spar the light of the setting 
sun reflected from the wmdow of the Luxembourg and was 
surprised to notice that the two images were of very different 
intensities Followmg up this observation he found that light 
which had been reflected from glass acquires thereby a modifi 
cation similar to that which Huygens had noticed in rays 
which have expenenced double refraction, and which Newton 
had explamed by supposing rays of light to have ' sides ' This 
discovery appeared so important that without waiting for the 
prize competition he communicated it to the Academy m 
December, 1808, and pubhshed it m the followmg month t 
I have found he said “ that this singular disposition, 
which has hitherto been r^rded as one of the peculiar effects 
of double refraction can be completely impressed on the 
luminous molecules by all transparent solids and liquids 
For example light reflected by the surface of water at an 

*?hi\ Trans 1816 p 60 

t Nouveau Bulletin des Sciences par la Soc Pluloxnatique i(1809), p 266 
Memoires de la Soc d Arcueil u (1809) 
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angle of 52°45 has all the charaotenstics of one of the beams 
produced hy the double refraction of Iceland spar, whose 
principal section is parallel to the plane which passes through 
the incident ray and the reflected ray If we receive this 
reflected ray on any doubly lefracting crystal whose principal 
section is paraUel to the plane of reflexion it will not he divided 
into two beams as a ray of ordmary hght would be but will be 
refracted according to the ordinary law 

After this Malus found that hght which has been refracted 
at the surface of any transparent substance kkewise possesses 
in some degree this property to which he gave the name 
polcorzzatwn The memoir* which he finally submitted to the 
Academy and which contains a rich store of experimental and 
analytical work on double lefraction obtained the prise in 1810 ^ 
its immediate effect as r^ards the rival theories of the ultimate 
nature of light was to encourage the adherents of the corpuscular 
doctrine , font brought into greater prominence the phenomena 
of polaniation, of which the wave-theonsts still misled by the 
analogy of light with sound were unable to give any account 
The successful discoverer was elected to the Academy of 
Sciences and became a member of the celebrated club of Aroueil 
But his health, which had been undermined by the Egyptian 
campaign now broke down completely , and he died, at the age 
of thirty-six m the followmg year 

The polarization of a reflected ray is in general mcomplete — 
ne the ray displays only imperfectly the properties of light 
which has been polarized by double refraction but for one 
particular angle of mcidence which depends on the reflecting 
body the polarization of the reflected ray is complete Malus 
measured with considerable accuracy the polanzing angles for 
glass and water and attempted to connect them with the other 
optical constants of these substances, the refractive indices and 
dispersive powers but without success The matter was 

* presentes h. 1 Inst par divers Savans ii (1811) p 303 
t So called from the village near Pans where Laplace and Berthollet had 
their country houses and where the meetings toot place The cluh consisted of 
a dozen of the most celebrated scientific men in France 
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afterwards taken up by David Brewster (& 1781 c? 1868) who 
in 1815* showed that there is complete polarization by reflexion 
when the reflected and refracted rays satisfy the condition of 
being at right angles to each other 

Almost at the same tune Brewster made another discovery 
which profoundly affected the theory of double refraction It 
had till then been beheved that double refraction is always 
of the type occurring m Iceland spar to which Huygens" 
construction is apphcable Brewster now found this belief to be 
erroneous, and showed that in a large class of crystals there are 
two axes mstead of one along which there is no double 
refraction Such crystals are called 'b%mal the simpler type to 
which Iceland spar belongs bemg called umaml 

The wave theory at this time was still encumbered with 
difficulties Diffraction was not satisfactorily explained, for 
polarization no explanation of any kmd was forthcoming , the 
Huygenian construction appeared to require two different 
lummiferous media within doubly refracting bodies , and the 
umversality of that construction had been impugned by 
Brewster s discovery of biaxal crystals 

The upholders of the emission theory, emboldened by the 
success of Laplaces theory of double refraction thought the 
tune ripe for them final triumph , and as a step to this m 
March 1817, they proposed Diffraction as the subject of the 
Academy s prize for 1818 Their expectation was disappointed , 
and the successful memoir afforded the first of a senes of 
reverses by which m the short space of seven years the 
corpuscular theory was completely oveithrown 

The author was Augustin Fresnel (6 1788, d 1827), the 
son of an architect, and himself a civil engmeer m the 
Government service in Normandy Durmg the brief dommance 
of Napoleon after his escape from Elba m 1816, Fresnel fell mto 
trouble for having enhsted in the small army which attempted 
to bar the exile s return, and it was during a period of enforced 
idlene s following on his arrest that he commenced to study 

♦ Phil Trans * 1816 p 126 
I 
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diffraction In his earhest memoir* he propounded a theory 
to that of Young which was spoiled like Youngs 
theory hy the assumption that the frmges depend on hght 
reflected by the diffractmg edge Observing however that the 
blunt and sharp edges of a knife produce exactly the same 
fringes he became dissatisfied with this attempt and on July 
15th, 1816 presented to the Academy a supplement to his 
paper t in which for the first tune diffraction effects are 
referred to their true cause-namely, the mutual interference 
of the secondary waves emitted by those portions of the original 
wave front which have not been obstructed by the diffractmg 
scieen Presnel s method of calculation utilized the principles 
of both Huygens and Young , he summed the effects due to 
different portions of the same primary wave front with due 
regard to the differences of phase engendered in propagation 
The sketch presented to the Academy in 1816 was during 
the next two years developed mto an exhaustive memoir, + 
which was submitted for the Academy s prize 

It so happened that the earhest memoir, which had been 
presented to the Academy m the autumn of 1815, had been 
referred to a Commission of which the reporter was Fran 90 is 
Arago (S 1786 d 1853 ) , Arago was so much impressed that 
he sought the friendship of the author of whom he was later a 
strenuous champion 

A champion was mdeed needed when the larger memoir was 
submitted, for Laplace, Poisson and Biot, who constituted a 
majority of the Commission to which it was referred, were all 
zealous supporters of the corpusculai theory During the 
exammation however Fresnel was vindicated in a somewhat 
cunous way He had calculated m the memoir the diffraction- 
patterns of a straight edge of a narrow opaque body bounded 
by parallel sides, and of a narrow openmg bounded by parallel 
edges and had shown that the results agreed excellently with 

* Annales de Ohmiie (2) i (1816) p 239 (Emus, x, p 89 
t (Envies 1 , p 129 

JMem del Acad t( 1826) p 339 (Emres i p 247 
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his experimental measures Poisson, when, readihg the manu 
script, happened to notice that the anal7sis could be extended 
to other eases, and in particular that it would mdicate the 
existence of a bright spot at the centre of the shadow of a 
circular screen He suggested to Presnel that this and some 
further conseq[uences should be tested experimentally , this was 
done, and the results were found to confirm the new theory 
The concordance of observation and calculation was so admirable 
m all cases where a comparison was possible that the prize was 
awarded to Fresnel without further hesitation 

In the same year m which the memoir on difhaction was 
submitted Fresnel published an investigation* of the influence 
of the earths motion on light We have already seen that 
aberration was explamed by its discoverer in terms of the 
corpuscular theory , and it was Young who first showed-f how 
it may be explamed on the wave-hypothesis ‘ Upon eon- 
sidermg the phenomena of the aberration of the stars he 
wrote, I am disposed to believe that the luminiferous aether 
pervades the substance of all material bodies with little or no 
resistance as freely peihaps as the wmd passes through a 
grove of trees ” In fact if we suppose the aether surrounding 
the earth to be at rest and unaffected by the earth s motion, 
the hght- waves will not partake of the motion of the telescope, 
which we may suppose directed to the true place of the star 
and the image of the star will therefore be displaced from the 
central spider Ime at the focus by a distance equal to that 
which the earth describes while the hght is traveUmg through 
the telescope This agrees with what is actually observed 
But a host of further questions now suggest themselves 
Suppose, for instance that a slab of glass with a plane face is 
earned along by the motion of the earth, and it is desired to 
adjust it so that a ray of hght commg from a certain star 
shall not be bent when it enters the glass must the 
surface be placed at nght angles to the true direction of the 

* Annales de Ohimie, ix p 57(1818) (Emres ii p 627 

■f Phil Trans 1804 p 12 Young s i p 188 
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. fieed from aberration or to its apparent direction as 
Xted by aberration ? The question whether rays coming 
the stars are refracted differently from rays on^- 
natine m terrestrial sources had been raised ongmaUy by 
MicM* and Eobison and Wilsonf had asserted that the focal 
Wthof’au achromatic telescope should be incieased when it 
Istoted to a star towards which the earth is moving owing 
to the change m the relative velocity of light AragoJ sub- 
Batted the matter to the test of experiment and concluded that 
the light commg from any star behaves in aU cases of reflexion 
and refraction precisely as it would if the star were situated in 
the place which it appears to occupy in consequence of aber- 
raJaon and the earth were at rest, so that the apparent 
refraction ma movmg pnsm is equal to the absolute refraction 

m a fixed pnsm , , , , 

Fresnel now set out to provide a theory capable of explaining 

ijago’s result To this end he adopted Young s suggestion 
that the refractive powers of transparent bodies depend on the 
concentration of aether within them , and made it more precise 


Ij assummg that the aethereal density m any body is pro 
porhonal to the square of the refractive mdex Thus if e 
denote the velocity of hght m 'mm, and if e, denote its 


velocity “1 given material body at rest so that fi = c/cj is the 
refractive index then the densities p and p, of the aether in 
mterpknetary space and m the body respectively wiU be 
ooimected by the relation 

jOl = l^P 

Fresnel further assumed that when a body is m motion, part 
of the aether withm it is earned along— namely that part which 
constitutes the excess of its density over the density of aether 
vB.txum, while the rest of the aether withm the space occupied 
'bj the body is stationary Thus the density of aether earned 


♦PiuLTiana 1784 p 36 
t Trans R S Rdm , i Hist p 30 

JBiot Attron, i%-s 3rd ed T p 364 The accuracy of Arago’s 
expenment can scarcely have been such as to demonstrate absolutely hia 
result 
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along IS (/oi - p) or - l)p, while a quantity of aether of 
density p remains at lest The velocity with which the centre 
of gravity of the aether '^within the body moves forward in the 
direction of propagation is therefore 



where w denotes the component of the velocity of the body in 
this direction This is to be added to the velocity of propaga 
tion of the hght waves withm the body , so that m the moving 
body the absolute velocity of light is 

Cl 

Many years afterwards Stokes* put the same supposition m 
a slightly different form Suppose the whole of the aether 
withm the body to move together the aether entering the body 
in front and bemg immediately condensed and issuing from xt 
behmd, where it is immediately rarefied On this assumption a 
mass p%o of aether must pass m unit time acioss a plane of area 
umty drawn anywhere withm the body m a direction at right 
angles to the body s motion , and therefore the aether withm 
the body has a drift-velocity - wp\p^, relative to the body so 
the velocity of light relative to the body will be Ci - wpf pi, and 
the absolute velocity of light m the moving body will be 


or 


wp 

Ci-\- w — 

Pi 



as before 


This formula was experimentally confirmed in 1851 by 
H Pizeauf who measured the displacement of interference 
fiinges formed by hght which had passed through a column of 
movmg water 


♦ Phil iMag xxYiu (1846) p 76 

t Annales de Ohimie, Ivu (1869), p 386 Also by A A Kichelson and 
E W Morley, Am Joum Science, xxxi (1886J, p 377 
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The same result may easily be deduced from an experiment 
performed by Hoek * In this a beam of light was divided into 
two portions one of which was made to pass 
^ ^ through a tube of water AB and was then reflected 
at a mirror C the light being afterwards allowed to 
return to A without passing through the water 
while the other portion of the bifurcated beam was 
made to describe the same path m the reverse 
order i e passmg through the water on its return 

^ journey from Q mstead of on the outward journey 

On causmg the two portions of the beam to inter- 
fere Hoek found that no difference of phase was produced 
between them when the apparatus was oriented in the direction 
of the terrestrial motion 

Let 'HO denote the velocity of the earth supposed to be 
directed from the tube towards the mirror Let c/ju denote the 
velocity of hght m the water at rest, and c/jj. + the velocity 
of light in the water when movmg Let I denote the length of 
the tube The magnitude of the distance BC does not affect 
the experiment so we may suppose it zero 

The time taken by the first portion of the beam to perform 

its journey is evidently 

I I 

- w c + w 

while the tune for the second portion of the beam is 
I I 

C -W c/fX- + w 

The equahty of these expressions gives at once when terms 
of higher orders than the first in w/c are neglected 

= (/X* - 1) 

which is TresneTs expression f 
* Archives N^exl ui, 180 (1868) 

t Fresnel s law may also be deduced from the principle that the amount of hght 
transmitted by a slab of transparent matter must be the same whether the slab is at 
rest or m motion otherwise the equihbnum of exchanges of radiation would bet 
tinted. Of Larmor Phil Trans clxrsv (1893) p 776 
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On the basis of this formula Fresnel proceeded to solve 
the problem of refraction in movmg bodies Suppose that a 
pnsm -4o Co 5o is carried along by the earth s motion vn vacuo its 
face Ao Co bemg at right angles to the direction of motion , and 



that light from a star is mcident normally on this face The 
rays experience no refraction at mcidence , and we have only to 
consider the effect produced by the second surface A^Bo Sup- 
pose that dunng an interval r of time the pnsm travels from 
the position Ao Co Bo to the position A^ Gi Bi while the lummous 
disturbance at travels to Bi and the luminous disturbance at 
travels to JD so that By B is the emergent wave front 
Then we have 

CJB, - + 

A(,D = tc 

= tw 
A 

If we write CiAiSi - ^ and denote the total deviation 
of the wave front by Si we have 

AiD = AJ) - AiAg cos Si = TC - rw cos Si 
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and therefore (neglectmg second-order terms in i»/c) 

sm aXJ> ^ e-10 00^ = £ + cos 8, 

8in» 

Denoting by 8 the value of 8 when w is zero, we have 

sm ('i - 8) _ ^ 
sm ^ Cl 

Subtractmg this equation from the piecedmg, we have 

8- 8i ^ w 

sm 8 0 

Now the telescope by which the emergent wave-front Bx JD 
IS received is itself being earned forward by the earth s motion, 
and we must therefore apply the usual correction for aberration 
m order to find the apparent direction of the emergent ray But 
this oorreetion is w sm 8/c and precisely counteracts the effect 
which has been calculated as due to the motion of the pnsm 
So finally we see that the motion of the earth has no first order 
mfinence on the refraction of light from the stars. 

■Fresnel inferred from his formula that if observations were 
made with a telescope filled with water, the aberration would be 
unaffected by the presence of the water — a result which was 
verified by Airy* in 1871 He showed moreover that the 
apparent positions of terrestrial objects, earned along with the 
observer are not displaced by the earth s motion , that experi- 
ments m refraction and mterference are not influenced by any 
motion which is common to the source apparatus and observer 
and that light travels between given pomts of a moving material 
system by the path of least tune These predictions have also been 
confirmed by observation Eespighif m 1861 and Hoekf m 1868, 
expennmentmg with a telescope filled with water and a terreatnal 
source of light foimd that no effect was produced on the 
phenomeBa of reflexion and refraction by altenng the onenta 

♦ Proc. Boy Soc zx p 8& f Mem Aocad Soi Bologna, u, p 279 

JAst Nach Ixxiii p 193 
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tion of the apparatus relative to the direction of the earths 
motion E Mascart* in 1872 discussed experimentally the 
question of the effect of motion of the source or lecipient of 
hght in all its hearings and showed that the light of the sun and 
that derived from artificial sources are ahke mcapable of revealing 
by diffraction-phenomena the translatory motion of the earth 
The greatest problem now eonfrontmg the investigators of 
light was to reconcile the facts of polarization with the prmciples 
of the wave theory YOung had long been pondering over this 
but had hitherto been baffled by it In 1816 he received a 
visit from Arago who told him of a new experimental result 
which he and Fresnel had lately obtamedf — ^namely that two 
pencils of light polarized m planes at right angles do not 
interfere with each other under circumstances m which ordinary 
hght shows mterference phenomena but always give by their 
reunion the same mtensity of light whate\ ei be their difference 
of path 

Arago had not long left him when Young reflecting on the 
new experiment discovered the long sought key to the mystery 
it consisted in the very alternative which Bernoulh had rejected 
eighty years before, of supposmg that the vibrations of light are 
executed at right angles to the direction of propagation 

Youngs ideas were first embodied in a letter to Aragoj! 
dated Jan 12 1817 * I have been refiecting, he wrote, ‘ on the 

possibihty of giving an imperfect explanation of the affection 
‘Of light which constitutes polarization, without departing from 
the genuine doctrine of undulations It is a principle m this 
theory, that all undulations are simply propagated through 
homogeneous mediums in concentnc spherical surfaces like the 

•Ann de 1 Jicole Noemale (2) i p 167 

t It was not pubhslied until 1819 in Annales de Ghiniie x Fresnel s (Buwes 
1 , p 609 By means of this result Fresnel was able to give a complete explana 
tion of a class of phenomena \vhiob Arago bad discoveied in 1811 viz that when 
polarized light is transmitted through thin plates of sulphate of lime or mica and 
afterwarda analysed by a pnsni of Iceland spar beautiful complementary colours 
Are displaved Young had shown that these effects are due essentially to inter 
ference, but bad not made clear the part played by polarization 
J Young s 1 p 380 
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undulations of sound consisting simply m the direct and letro 
grade motions ot the particles m the direction of the radius 
with their concomitant condensation and larefactions And 
yet it IB possible to explam m this theory a transverse vibration 
propagated also m the direction of the radius and with equal 
velocity the motions of the particles bemg m a oertam constant 
direction with respect to that radius , and this is a polomzatum 

In an article on Chromatics which was written in 
September of the same year* for the supplement to the 
JSnaydopaedia B'ivtmvnmi he says f « If we assume as a mathe- 
matical postulate on the undulating theory, without attempting 
to demonstrate its physical foundation that a transverse motion 
may be propagated m a direct hne we may derive from this 
assumption a tolerable illustration of the subdivision of polarised 
light by reflexion m an oblique plane ” by supposing the polar 
motion to be resolved mto two constituents which fare 
oififerently at reflexion 

In a further letter to Arago dated April 29th 1818 Young 
recurred to the subject of transverse vibrations comparmg light 
to the undulations of a cord agitated by one of its extremities t 
^Ufl letter was shown by Arago to Iresnel who at once saw 
l^t It presented the true explanation of the non mterference 
of beams polarized in perpendicular planes and that the latter 
effej could even be made the basis of a proof of the correctness 
of Youngs hypothesis for if the vibration of each beam be 
supposed resolved mto thiee components one along the ray and 
toe other two at right angles to it it is obvious from the Arago 
Ixesnel experiment that the components m the direction of the 
ray must vanish m other words that the vibrations which 
constitute light are executed m the wave front 

It must be remembered that the theory of the propagation 
of waves m an elastic sohd was as yet unknown and light was 


^ tToungs 1 P 279 

Peb*16^7^®2 “ * oomimmioatioa to the Royal 

appreowted the pomt now advaLfby T^ng”'’ ^ 



frofn Bradley to Fresnel 12S 

still always interpreted by the analogy with the vibrations of 
sound in air for which the direction of vibration is the same as 
that of propagation It was therefore necessary to give some 
justification for the new departure With wonderfui insight 
Fresnel indicated* the precise direction in which the theory of 
vibrations in ponderable bodies needed to be extended in order 
to allow of waves similar to those of hght the geometers ' he 
wrote who have discussed the vibrations of elastic fluids hitherto 
have taken account of no acceleratmg forces except those arismg 
from the difference of condensation or dilatation between conse 
cutive layers * He pomted out that if we also suppose the 
medium to possess a rigidity or power of resisting distortion, such 
as IS manifested by all actual solid bodies it will be capable of 
transverse vibration The absence of longitudinal waves in the 
aether he accounted for by supposmg that the forces which oppose 
condensation are far more powerful than those which oppose 
distortion, and that the velocity with which condensations are 
propagated is so great compared with the speed of the oscillations 
of hght that a practical equihbrium of pressure is maintained 
perpetually 

The nature of ordinary non-polanzed light was next discussed 
' If then ” Fresnel wrote t the polarization of a ray of hght 
consists m this that all its vibrations are executed m the same 
direction it lesults from any hypothesis on the generation of 
hght waves, that a ray emanating from a single centre of dis 
turbance will always be polarized m a definite plane at any 
mstant But an instant afterwards the direction of the motion 
changes and with it the plane of polarization, and these 
variations follow each other as quickly as the perturbations of 
the vibrations of the luminous particle so that even if we could 

*Annales de Chimie xvu (1821), p 180 (Emtes i p 629 Young had 
already drawn attention to this point * It is difficult he says in his Lectures on 
Natmral Lh%loso$hy ed 1807 vol i p 138 to compare the lateral adhesion , or 
the force which resists the detrusion of the parts of a solid with any form of direct 
cohesion This force constitutes the ngidity or hardness of a solid body and is 
wholly absent from liquids 


t Xoc cit p 186 
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isolate the hght of this particular particle from that of other 
Imnmous particles we should doubtless not recognize in it any 
Appearance of polarization If we consider now the effect pro- 
duced by the union of aU the waves which emanate from the 
different points of a luminous body we see that at each instant 
at a definite point of the aether, the general resultant of all the 
motions which commmgle there wiU have a deteimmate 
direction but this direction will vary from one mstant to the 
next So direct hght can be considered as the union oi more 
exactly as the rapid succession of systems of waves polarized m 
all directions According to this way of looking at the matter, 
the act of polarization consists not m creating these transverse 
motions but m decomposing them m two mvanable directions 
and separatmg the components from each other , for then, in 
each of them, the oscillatory motions take place always in the 
same plane ’ 

He then proceeded to consider the relation of the direction of 
vibration to the plane of polarization Apply these ideas to 
double refraction and regard a uniaxal crystal as an elastic 
medium m which the acceleratmg force which results from 
the displacement of a row of molecules perpendicular to the 
axis relative to contiguous rows is the same all round the 
axis, while the displacements parallel to the axis produce 
acceleratmg forces of a different mtensity, stronger if the 
crystal is repulsive and weaker if it is attractive The 
distmctive character of the rays which are ordmanly refracted 
being that of propagatmg themselves with the same velocity 
in all directions we must admit that their oscillatory motions 
are executed at nght angles to the plane drawn through these 
rays and the axis of the crystal, for then the displacements 
which they occasion always takmg place along directions 
perpendicular to the axis will, by hypothesis always give nse 
to the same accelerating forces But, with the conventional 
metomg which is attached to the expression ofpolomzaUm, 
the plane of polarization of the ordmary rays is the plane 
through the axis thus, vn pencd of polanzed l%gU the 
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osallcdory motion is esiecuted at right angles to the plane of 
polarization 

This result afforded Fresnel a foothold m dealing with the 
problem which occupied the rest of his hfe henceforth his ana 
was to base the theory of hght on the dynamical properties of 
the luminiferous medium 

The first topic which he attacked from this pomt of view 
was the propagation of hght in crystalhne bodies Smce 
Brewster’s discovery that many crystals do not conform to the 
type to which Huygens construction is apphcable the wave 
theory had to some extent lost credit in this region Fresnel 
now by what was perhaps the most briUiant of aU his efforts* 
not only reconquered the lost territory but added a new domain 
to science 

He had, as he tells us himself never beheved the doctrine 
that in crystals there are two different luminiferous me dia 
one to transmit the ordinary and the other the extraordmary 
waves The alternative to which he mclined was that the two 
velocities of propagation were really the two roots of a quadratic 
equation derivable in some way from the theory of a single 
aether Could this equation be obtamed, he was confident of 
findmg the explanation, not only of double refraction but also 
of the polarization by which it is always accompanied 

The first step was to take the case of umaxal crystals, 
which had been discussed by Huygens and to see whether 
Huygens sphere and spheroid could be replaced by or made to 
depend on a smgle surface f 

Now a wave propagated m any direction through a n-mfl-Tal 

*His first memoir on Double Eefraetion was presented to the Academy on 
Nov 19th 1821, hut has not heeu pubhshed except in his collected works 
(Euvres u p 261 It was followed hy other papers m 1822 and the results were 
finally collected in a memoir which was pimted m 1827, Mem de VAoad vu 
p 46 (Emres u, p 479 

t In attempting to reconstruct Fresnel s course of thought at this period the 
present writer has denved much help from the Life prefixed to the CEmret de 
Fremel Both Fresnel and Young were singularly fortunate in their biographers 
Peacock s Life of Yomg and this notice of Fresnel which was the last work of 
Verdet, are excellent readmg 
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crystal cam te resolved mto two plame-polanzed components , 
one of these, the ordinary ray’ is polarized m the prmeipal 
section and has a velocity v„ which may he represented by the 
radius of Huygens’ sphere— say 

= b, 

while the other the extraoidmary ray is polarized m a plane 
at right angles to the prmeipal section and has a wave velocity Vt 
which may he represented hy the perpendicular drawn from the 
centre of Huygens’ spheroid on the tangent plane parallel to the 
plflTift of the wave If the spheroid be represented by the 
e(][uation 

= 1 

and it (f m ii) denote the direction cosines of the normal to the 
plane of the wave we have therefore 

Va* = a*(m* + «.*)+ 6 Z* 

But the quantities l/®i and 1/vt, as given by these equations, 
are easily seen to be the lei^hs of the semi axes of the ellipse 
m which the spheroid 

S (y* + « ) + a*® =1 
IS mterseoted by the plane 

lx + <my + w* = 0 , 

and thus the construction m terms of Huygens sphere and 
spheroid can be replaced by one which depends only on a smgle 
surface namely the spheroid 

JJ(y» + s?) + aV = 1 

Having achieved this reduction Fresnel guessed that the 

ease of biaxal crystals could be covered by substituting for the 

latter spheroid an elhpsoid with three unequal axes — say, 

w* , 

- + — + - = 1 
Cl €a fs 

If l/i?i and IjVi denote the lengths of the senn axes of the 
velhpse m which this elhpsoid is intersected by the plane 
lx + 7n/y + = 0, 
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it IS well known that Vi and are the roots of the e(juation in v 
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and accordingly Fresnel conjectured that the roots of this 
equation represent the velocities in a hiaxal crystal of the two 
plane polarized waves whose normals are in the direction 
{I, m 7b) 

Having thus arrived at his result by reasoning of a purely 
geometrical character he now devised a dynamical scheme to 
suit it 

The vibratmg medium withm a crystal he supposed to be 
ultimately constituted of particles subjected to mutual forces, 
and on this assumption he showed that the elastic force of 
restitution when the system is disturbed must depend hnearly 
on the displacement In this first proposition a difference is 
apparent between Fresnel s and a true elastic solid theory , for 
m actual elastic solids the forces of restitution depend not on 
the absolute displacement but on the strams, le the relatvoe 
displacements 

In any crystal there will exist three directions at right 
angles to each other for which the force of restitution acts m 
the same hne as the displacement the directions which possess 
this property are named axes of elasUaty Let these be taken 
as axes and suppose that the elastic forces of restitution for 
unit displacements m these three directions are l/fj I/63 
respectively That the elasticity should vary with the direction 
of the molecular displacement seemed to Fresnel to suggest that 
the molecules of the material body either take part in the 
luminous vibration or at any rate mfluence m some way the 
elasticity of the aether 

A unit displacement m any arbitrary direction {a (3 y) can 
be resolved mto component displacements (cos a, cos /3 cos 7) 
parallel to the axes, and each of these produces its own effect 
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iiidepeiid 6 ntly , so tlis componsiits of tho force of restitution ar® 
cos a cos /3 cos y 

£l f2 ^3 

This resultant force has not in general the same diicction 
as the displacement which produced it , but it may always 
be decomposed mto two other forces one parallel and the other 
perpendicular to the direction of the displacement , and the 
former of these is evidently 

cos® a cos® S cos® 7 

£2 £3 

The surface 
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■will therefore have the property that the square of its radius 
vector in any direction is proportional to the component 111 that 
direction of the elastic force due to a unit displacement 111 that 
direction it is called the surface of elastmty 

Consider now a displacement along one of the axes of the 
section on which the surface of elasticity is intersected by the 
plane of the "wave It is easily seen that m this case the com 
ponent of the elastic force at right angles to the displaoement 
acts along the normal to the wave-front , and Fresnel assumes 
that it will he without influence on the propagation of the 
vibrations on the ground of his fundamental hypothesis that the 
■vibrations of light are performed solely m the wave front This 
step IS evidently open to criticism , for m a dynamical theory 
everything should be deduced from the laws of motion without 
special assumptions But grantmg his contention it follows 
th^ such a displacement ■will retain its direction, and will be 
lacpagated as a plane polarized wave with a definite velocity 
Now m order that a stretched cord may "vibrate with 
unchaiiged penod when its tension is varied, its length must be 
i»ereased proprtionaUy to the square root of its tension , and 
sumlarly the wave-length of a lummous vibration of given penod 
IS propcHtioBal to the square root of the elastic force (per unit 
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displacement) whicli urges the molecules of the medium parallel 
to the wave front Hence the velocity of propagation of a 
wave measured at right angles to its front is proportional to 
the square root of the component, along the direction of dis- 
placement of the elastic force per unit displacement , and the 
velocity of propagation of such a plane polarized wave as we 
have considered is proportional to the radius vector of the 
surface of elasticity in the direction of displacement 

Moreover any displacement in the given wave-front can be 
resolved mto two, which are respectively parallel to the two 
axes of the diametral section of the surface of elasticity by a 
plane parallel to this wave front , and it follows from what has 
been said that each of these component displacements will be 
propagated as an independent plane polarized wave the velocities 
of propagation bemg proportional to the axes of the section* 
and therefore inversely proportional to the axes of the section of 
the inverse surface of this with respect to the ongm which is 
the eUipsoid 
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But this IS precisely the result to which, as we have seen 
Fresnel had been led by purely geometrical considerations , and 
thus his geometrical conjecture could now be regarded as 
substantiated by a study of the dynamics of the medium 
It IS easy to determine the wave surface or locus at any 
instant— say, t = 1 — of a disturbance origmated at some previous 
mstant — say,^ = 0 — at some particular pomt — say the ongm For 
this wave surface wiR evidently be the envelope of plane waves 
emitted from the ongm at the mstant t = 0 — that is it will be 
the envelope of planes 

fo + m/y + m -V = 0, 

where the constants I m, n, v are connected by the identical 
equation P + ml + n? = 1 

It IS eyident from this that the opt%c axes^ or lines of single *wave velocity^ 
along which there is no double refraction will be perpendicular to the two 
circular sections of the surface of elasticity 

K 
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and iDy the relation previously found — namely 
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By the usual procedure for determinmg envelopes it may he 
shown that the locus m question is the surface of the fourth 
degree 

+ = 0 , 

£ir^ - 1 £ 2 ^® - 1 € 3 ^* •“ 1 

which la called Fresnel s warn surface * It is a two sheeted surface, 
as must evidently he the case from physical considerations In 
uniaxal crystals for which £2 and £3 are equal it degenerates into 
the sphere 

r^ = l/e2, 

and the spheroid 

52 ^)’* + €1 ['it + - 1 

It is to these two surfaces that tangent planes are drawn in 
the construction given hy Huygens for the ordinary and 
extraordinary refracted rays m Iceland spar As Presnel 
observed, exactly the same construction applies to biaxal 
crystals when the two sheets of the wave surface are substi 
tuted for Huygens sphere and spheroid 

The theory which I have adopted says Fresnel at the end 
of this memorable paper and the simple constructions which 
I have deduced from it have this remarkable character that 
all the unknown quantities are determined together by the 
solution of the problem We find at the same time the 
velocities of the ordinary ray and of the extraordinary lay, and 
their planes of polarization Physicists who have studied 
attentively the laws of nature will feel that such simplicity and 

* Another construction for the wave surface is the following which is due to 
MacCuUagh Coll Works p 1 Let the ellipsoid 

+ e y + 63 =1 

ic?terseQted hy a plane through its centre and on the perpendicular to that plane 
ta^e lengths equal to semi a?:es of the section The locus of these estrenuties 
18 the wave surface 
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-such close relations between the different elements of thp 
phenomenon are conclusive in favour of the hypothesis on 
which they are based ’ 

The question as to the correctness of Fresnel s construction 
was discussed for many years afterwards A str ikin g conse- 
quence of it was pomted out in 1832 by WiUiam Eowan 
Hamilton (b 1805 d 1865), Eoyal Astronomer of Ireland, who 
remarked* that the surface defined by Fresnel s equation has 
ifour comcal points at each of which there is an infinite number 
of tangent planes , consequently a single ray, proceeding from 
a point within the crystal in the direction of one of these 
points, must be divided on emergence into an infinite number of 
rays, constituting a conical surface Hamilton also showed 
that there are four planes each of which touches the wave* 
surface m an infinite number of points constitutmg a circle qf 
contact so that a corresponding ray incident externally should 
be divided within the crystal into an infinite number of refracted 
rays again constituting a comcal surface 

These smgular and unexpected consequences of the theory 
were shortly afterwards verified experimentally by Humphrey 
Lloyd t and helped greatly to confirm behef m Fresnel s theory 
It should, however, be observed that comcal refraction only 
shows his form of the wave surface to be correct in jts general 
features, and is no test of its accuracy m all details But it 
was shown experimentally by Stokes in 1872, J Grlazebrook in 
1879,§ and Hastings m 1887 1| that the construction of Huygens 
and Fresnel is certainly correct to a very high degree of 
approximation, and Fresnels final formulae have smce been 
regarded as unassailable The dynaomcal substructure on 
whibh he based them is as we have Seen open to objection , 
* Trans Boy lash Acad xvxi (1833) p 1 

t Tran? Boy Irish Acad xyq (1833), p 145 Stnctly speaking, the hnght 
•cone which is usually observed arises from rays adjacent to the singular ray 
the latter can however, be observed, its eufeeblement by dispersion into the 
conical form causing it to appear dark 
X Proc B S , X? p 443 
§ Phil Trans clxxi, p 421 

II Am Jour Sci (3), xxxv p 60 v 


K 2 



4^ The Lmitmferous Medium, 

but as Stokes observed* If w© reflect on the state of the 
subject as Fresnel found it and as he left it the wonder is, nob 
that he faded to give a rigorous dynamical theory but that a 
single mind was capable of efifectmg so much 

In a second supplement to his first memoir on Double 
[Refraction presented to the Academy on ITovember 26th 1821,*|* 
Fresnel indicated the lines on which his theory might be 
extended so as to take account of dispersion The molecular 
groups or the particles of bodies he wrote ‘ may be separated 
by mtervals which though small are certainly not altogether 
msensible relatively to the length of a wave Such a coarse 
gramedness of the medium would as he foresaw, introduce into* 
the equations terms by which dispersion imght be explamed , 
mdeed the theory of dispersion which was afterwards given by 
Cauchy was actually based on this principle It seems likely 
that, towards the dose of his life hresnel was contemplating a 
great memoir on dispersion,! which was never completed 

Fresnel had reason at first to be pleased with the reception of 
has work on the optics of crystals for in August, 1822, Laplace 
spoke highly of it m pubhc , and when at the end of the year a 
seat m the Academy became vacant, he was encouraged to hope 
that the choice would fall on him In this he was disappomted.§ 
Meanwhile his researches were steadily continued, and in 
January 1823 the very month of his rejection he presented to 
the Academy a theory m which reflexion and refraction|| are 
referred to the dynamical properties of the luminiferous media 

*Biit Assoc Rep 1862 p 264 

f(Euere9 u p 438 

t Of the biography in (Buvr»9 d$ JPreanel i p xcri 

j Wntang to Young in the spring of 1823, he says ‘ Tous oes m^moires 
qiw aermferement j ai presentee coup sur coup A T Aoad6inie des Soienoes, ne 
m en cot pas cependant ouvert la porte C eat M Dulong qui a 6t4 nommA 
poet reaplir la place yacaate dans la section de physique Vous royea, 
IfflSBMv que la theone dea ondulations ne m, a point port6 bonheur mm oela 
ne B en d^goUte pas et je me console de ce malheur en m^oocupant d optfoue 
aYecuneiKwivelleardeiir ^ ^ 

I The MSS. -was for some tune belieyed to be lost but was ultimately found 
amongthepepeni of Founer and printed m Mem de FAoad n (1832), p 393 
(Btitmiy 1, p 767 
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As m his previous investigations he assumes that the 
vibrations which constitute light are executed at right angles 
to the plane of polarization He adopts Young s principle that 
reflexion and refraction are due to differences m the mertia of 
the aether m different material bodies and supposes (as m 
his memoir on Aberration) that the mertia is proportional to 
the mverse square of the velocity of propagation of light m 
the medium The conditions which he proposes to satisfy at the 
mterface between two media are that the displacements of the 
adjacent molecules, resolved parallel to this interface shall be 
equal m the two media , and that the energy of the reflected 
and refracted waves together shaR be equal to that of the 
mcident wave 

On these assvUnptions the mtensity of the reflected and 
refracted hght may be obtamed in the following way — 

Consider first the case m which the mcident light is 
polarized m the plane of incidence so that the displacement is 
at right angles to the plane of incidence, let the amplitude 
of the displacement at a given pomt of the mterface be / 
for the incident ray, g for the reflected ray, and h for the 
refracted ray 

The quantities of energy propagated per second across umt 
•cross section of the mcident, reflected, and refracted beams are 
proportional respectively to 

where Ci, denote the velocities of light and piy pz the densities 
of aether m the two media, and the cross sections of the beams 
which meet the interface m unit area are 

cos cos cos 7* 

respectively The prmciple of conservation of energy therefore 
gives 

Cipi cos ^ = Cipi coB^ g + Cipz cos r h 

The equation of continuity of displacement at the mterface is 

f^g = h 
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Eiinunatmg h tetween these two equations aad using th& 
Ibikanlae 

! Bin* t c * _ pi 

' sin* i ~ ej* ~ p, ’ 

’*re obtain the equation 
'■ f sm (^ - ^) 

g sin(t + 9) 


Thus when the light is polamed in the plane of reflexion the 
amphtude of the reflected wave is 
gxa — r) 

—7 { X the amphtude of the incident vibration 

sin + T) ^ 


Fresnel shows m a similar way that when the light is. 
polarized at right angles to the plane of reflexion the ratio of 
the amphtudes of the reflected and incident waves is 


tan (^ - t) 
taDr(v+ r) 

Ifliese formulae are generally known as Fresml $ mu law and 
Fresnds tcmgmtlaw respectively They had however been 
discovered expemnentally by Brewster some years previously^ 
When the incidence is perpendicular so that ^ and r are very 
small, the latio of the amphtudes becomes 


Limit 




or 


jWa + fii 

where and jui denote the refracti\e mdices of the media 
This formula had been given previously by Young* and Poisson f 
on the supposition that the elasticity of the aether is of the- 
same kind as that of air in sound 

When r ^ 90® tan (^ + ^) becomes infinite and thus 
a theoretical explanation is obtained for Brewster s law, that if 
the inmdenoe is such as to make the reflected and refracted rays 

* Article Ed oyol Ezxtt Suppl tM^m Inst 11 (1817) 
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perpendicular to each other the reflected hght will be whelly 
polarized in the plane of reflexion 

Fresners investigation can! scarcely be called a dynamical 
theory in the strict sense as the quahties of the medium are 
not defined His method was to work backwards from the 
known properties of light m th^ hope of amving at a mechanism 
to which they could be attributed, he succeeded m accounting 
for the pheuomena in terms of a few simple prmciples but was 
not able to specify an aether which would m turn account for 
these principles The ‘‘displacement’ of Fresnel could not be 
a displacement m an elastic sohd of the usual type since its 
normal component is not continuous across the interface between^ 
two media* 

The theory of ordinary reflexion was completed by a dis- 
cussion of the case in which light is reflected totally This had 
formed the subject of some of Fresnels experimental researches 
several years before, and m two paperst presented to the 
Academy in November 1817 and January 1818 he had shown 
that hght polarized in any plane inclmed to the plane of reflexion 
IS partly depolarized by total reflexion and that this is 
due to differences of phase which are introduced between the 
components polarized m and perpendicular to the plane of 
reflexion When the reflexion is total, he said, ‘rays 
polarized in the plane of reflexion are reflected nearer the 
surface of the glass than those polarized at right angles to the 
same plane so that theie as a difference in the paths descnbed 
This change of phase he^ now deduced from the formulae 
already obtained for ordinary reflexion Considermg light 
polarized in the plane of reflexion, the ratio of the amplitudes of 
the reflected and incident hght is as we have seen 

sin - t) 
sm (^ + r) ’ 

when the sine of the angle of incidence is greater than f.i 2 //xi^ 

* Fresnel s theory of reflexion can however be reconciled with the electro 
magnetic theory of light by identifying lus * displacement with the electric 

f (Euvres de Jresnel i pp 441,48/ 
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so that total refleson takes plaee^ this ratio ma 7 be wntten m 
the form 




'where B denotes a real quantity defined by the equation 


tan ^0 = 


(ui’ sin* i - ju,*)4 
fti cos ^ 


Resnel interpreted this expression to mean that the 
amplitude of the reflected light is equal to that of the incident, 
but that the two waves differ m phase by an amount 0 The 
case of light polaiued at right angles to the plane of reflexion 
may be treated m the same way, and the resulting foimulae are 
completely confirmed by experiment 

A few months aftei the memoir on leflexion had been 
presented Fresnel was elected to a seat m the Academy, and 
duimgthe rest of his short hfe honours came to him both from 
France and abroad. In 1827 the !Royal Society awarded him 
the Rumfordmedtd, but Arago to whom Young had confided 
the mission of conveying the medal, found him dymg , and 
eight days afterwards he breathed his last 

By the gemus of Young and Fresnel the wave-theory of 
light was established m a position which has smce remamed 
unquestioned, and it seemed almost a work of supererogation 
when m 1850 Foilcault* and Fizeauf earrymg out a plot' long 
before imagmed by Arago directly measured the velocity of 
light m air and m water and found that on the question so 
long debated between the rival schools the adherents of the 
undulatoiy theory had been m the right 


• Comptes Bendas, m (i860), p 661 


t Ihtd , p 662 
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OHAPTBE V 

THE AETHER AS AH ELASTIC SOLID 

When Young and Tresnel put forward the view that the 
vibrations of light are performed at right angles to its direction 
of propagation, they at the same time pomted out that this 
peculiarity might he explamed by makmg a new hypothesis 
regarding the nature of the luminiferous medium , namely that 
it possesses the power of resistmg attempts to distort its shape 
It IS by the possession of such a power that sohd bodies are 
distmguished from fluids, which offer no resistance to distortion, 
the idea of Young and Fresnel may therefore be expressed by 
the simple statement that the aether lehaves as an elastic solid 
After the death of Fresnel this conception was developed in a 
bnUiant series of memoirs to which our attention must now be 
directed 

The elastic-sohd theory meets with one obvious difficulty at 
the outset If the aether has the quahties of a sohd how is it that 
the planets m their orbital motions are able to journey through 
it ar immense speeds without encountering any perceptible 
resistance ^ This objection was first satisfactorily answered by 
Sir George Gabriel Stokes* (I 1819, d 1903) who remarked 
that such substances as pitch and shoemakei s wax though so 
rigid as to be capable of elastic vibration are yet sufficiently 
plastic to permit other bodies to pass slowly through them 
The aether he suggested may have this combmation of quahties 
in an extreme degree behaving like an elastic sohd for vibrations 
so rapid as those of hght, but yieldmg like a fluid to the much 
alower progressive motions of the planets 

btokess explanation harmonizes m a curious way with 
Fresnels hypothesis that the velocity of longitudinal waves m 

* Trans Camt Plul Soc , Tin, p 28/ (1845) 
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the aether is indefinitely great compared with that of the- 
transverse waves , for it is found by experiment with actual 
substances that the ratio of the velocity of propagation of 
longitudmal waves to that of transverse waves increases 
rapidly as the medium becomes softer and more plastic 

In attemptmg to set forth a parallel between light and the 
vibrations of an elastic substance the investigator is compelled 
more than once to make a choice between alternatives He 
Tnn. jr for mstancc suppose that the vibrations of the aether are 
executed either parallel to the plane of polanzation of the light 
or at right angles to it , and he may suppose that the different 
refractive powers of different media are due either to differences 
m the mertia of the aether within the media or to differences 
m its power of resisting distortion, or to both these causes 
combined. There are moreover several distinct methods for 
avoiding the difficulties caused by the presence of longitudinal 
vibrations , and as alas ' we shall see a further source of 
diversity IB to be found m that habihty to error from which no 
man is free It is therefore not surprismg that the list of 
elastic sohd theories is a long one 

At the tune when the transversality of hght was dis- 
covered no general method had been developed for mvesti- 
gatmg mathematically the properties of elastic bodies, but 
under the stimulus of Fresnels discoveries some of the best 
mtellects of the age were attracted to the subject The volume 
of Memoms of the Academy which contams Fresnel s theory of 
crystal-optics contams also a memoir by Claud Louis Mane 
Henn Havier* (5 1785 d 1836) at that time Professor of 
Mechamcs m Pans m which the correct equations of vibratory 
motion for a particular type of elastic sohd were for the first 
fame given Wavier supposed the medium to be ultimately 
amstituted of an immense number of particles which act on 
each other with forces directed along the lines joining them and 
depending on their distances apart , and showed that if e denote 

*M6m de lAcad vu jp 375 The memoir -vias presented in 1821 and 
puMashed m 1827 
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the (vector) displacement of the particle whose ■undisturbed 
position IS (a; y z) and if p denote the density of the medium, 
the equation of motion is 


0’e 




- S/i grad div e -n cuil curl e 


where 71 denotes a constant which measures the rigidity or 
power of resisting distortion of the medium All such elastic 
properties of the body as the velocity of propagation of waves 
m it must evidently depend on the ratio ii/p 

Among the referees of one of Naviei s papers was Augustine 
Loms Cauchy (& 1789 d 1857) one of the greatest analysts oi 
the nmeteenth century* who becoming mterested in the 
question published m 1828 1 a* discussion of it from an entirely 
different point of view Instead of assuming as Navier had 
don^ that the medium is an aggregate of pomt centres of force 
and thus mvolvmg himself m doubtful molecular hypotheses^ 
he devised a method of directly studying the elastic properties 
of matter in bulk and by its means showed that the vibrations 
of an isotropic sohd are detei mined by the equation 


P 


dt 



grad div e - curl curl e , 


here oi denotes as before the constant of rigidity, and the 
constant h which is called the modulm of compression f denotes 
the latio of a pressure to the cubical compression produced by 
it Cauchy s equation evidently differs from ITaviers in that 


* Hamilton s opinion wntten in 1833 is woith repeating The principal 
theories of algebraical analysis (under which I include Calculi) require to be 
entirely remodeUed and Cauchy has done much alieady foi this great object 
Poisson also has done much but he does not seem to me to have nearly so logical a 
mind as Cauchy great as his talents and clearness aie and both are m my 
judgment very far inferior to Fourier whom I place at the head of the French 
School of Mathematical Philosophy even above Lagrange and Laplace though I 
rank iheir talents above those of Cauchy and Poisson {Life of Sir W L 
Mamilton ii p 58 ) 

t Cauchy Lxeroioes de Mathematiquea in p 160 (1828) 

I This notation was introduced at a later period, hut is used heie in order to 
avoid subsequent changes 
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two constants. Tc and n, appear instead of one The reason fof 
this IS that a body constituted from pomt centres of force in 
Faviers fashion has its moduh of ngidity and compression 
connected by the relation^ 


, 5 


Actual bodies do not necessarily obey this condition, eg 
for mdia rubber, I is much larger than g m ,t and there seems to 

be no reason why we should impose it on the aether 

In the same year PoissonJ succeeded m solvmg the diffe- 
rential equation which had thus been shown to determine the 
wave motions possible m an elastic sohd The solution, which 
IS both simple and eluant may be derived as follows — ^Let the 
displacement vector e be resolved mto two components, of 
which one c is cfiTau/Aal or satisfies the condition 


div c = 0 


while the other b is vnotatwaM or satisfies the condition 

curlb = 0 


The equation takes the form 

* In order to construct a 'body whose elastic properties are not limited by this 
equation William John Macquom Ranlone (J 1820 d, 1872) considered a con 
tinuoiis fluid in which a number of point centres of force are situated the fluid is 
supposed to be partially condensed round these centres, the elastic atmosphere of 
each nucleus being retained round it by attraction An additional volume elasticity 
due to the fluid is thus acquired and no relation between h and n is now necessary 
Cf Bankine s JdisceUaneous SeienUfie Papers pp 81 sqq 

Sir Wilham Thomson (Lord Kelvin) in 1889 formed a sohd not obeying: 
Navier’s condition by using pairs of dissimilar atoms Cf Thomson’s Fapm^ 
m p 39o Cf also Baltimore Lectures pp 123 sqq 

t It may however be objected that india rubber and other bodies Vrhioh. 
fail to fnlfll Navier s relation are not true sohds On this histone controvetfly, 
cf. Todhxmter and Pearson s Sxstory of Blastxoity i, p 496 

+ Kem de 1 Acad viii (1828) p 623 Poisson tabes the equation m the 
restricted form given by Navier but this does not affect the question of waye^ 
propagation ^ 
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The terms which involve b and those which involve c must 
he separately zero smce they represent respectively the irrota 
tional and the circuital parts of the equation Thus c satisfies 
the pair of equations 




= 7^V’C, 


div c = 0 , 


while b 18 to he determined from 


= + ciirlb = 0 

A particular solution of the equations for c is easily seen to he- 

C:, = c, = 0 

which represents a transverse plane wave propagated with 
velocity v^(n/p) It can he shown that the general solution of 
the differential equations for c is formed of such waves as this 
travelling in all directions superposed on each other 
A particular solution of the equations for b is 

j ^=0 6 y -0 = 

which represents a longitudinal wave propagated with velocitjr 

the general solution of the differential equation for b is formed 
by the superposition of such waves as this, travelling in aU 
directions 

Poisson thus discoveied that the waves m an elastic sohd 
are of two kinds those in c are transverse, and are propagated 
with velocity 5 while those in b are longitudinal, and are 

propagated with velocity {(k + ^'n,)/p}^ The latter are* waves 
of dilatation and condensation like sound-waves , in the c-waves 
on the other hand the medium is not dilated or condensed hut 

* Of Stokes “ Oil the Dyaamical Problem of Diffraction ” Camb Phil 
Trans , 13 . (1849) 
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only distorted m a manner consistent with the preservation of a 

-constant density* , i , 

The researches which have been mentioned hitherto have 

aU been concerned with isotropic bodies Cauchy m 1828t 
extended the equations to the case of crystallme substances 
This however he accomplished only by reverting to Naviers 
plan of eonceivmg an elastic body as a cluster of particles which 
attract each other with forces dependmg on their distances apart , 
the aelotropy he accounted for by supposing the paiticles to be 
packed more closely in some directions than m others 

The general eq.aations thus obtained for the vibrations of an 
elastic sohd contain twenty one constants, six of these depend 
on the mitial stress so that if the body is mitially without 
stress only fifteen constants are mvolved. If retaining the 
initial stress the medium is supposed to be symmetrical with 
respect to three mutually orthogonal planes the twenty one 
constants reduce to nine and the equations which determme 
the vibrations may be written in the formj 



and two siTmlsr equations The three constants &, E I re- 
present the stresses acroSf planes parallel to the coordinate 
planes in the undisturbed state of the aether § 


* It may easily be shown that any disturbance in either isotiopio or crystalline 
media for which the direction of Yibration of the molecules lies in the wave front 
or surface of constant phase must satisfy the equation 

div e = 0 

where e denotes the displacement if on the other hand, the direction of vibration 
of the molecules is perpendicular to the wave front, the disturbance must satisfy 
the equation 

curl e = 0 

These results were proved by M 0 Brien Trans Camb Phil Soc 1842 
t Jixeretees de Math m (1828) p 188 

X These are substantially equations (68) on page 208 of the third volume of 
the Exercwes 

i p Mf I tire tensions when they are positive, and pressures when they are 
negative 



The Aethey as <sn Elastic Solid 


143 


On the basis of these equations, Cauehy worked out a 
theory of hght of which an instalment relating to crystal optics 
was presented to the Academy in 1830 * Its characteristic 
features will now be sketched 

By substitution m the equations last given, it is found that 
when the wave-front of the vibration is paiallel to the plane 
of yz the velocity of propagation must be (A + if the vibration 
takes place parallel to the ams of y, and {g+ if it takes place 
parallel to the axis of z Similarly when the wave-front is 
parallel to the plane of zx, the velocity must be (A + E)^ if the 
vibration is parallel to the axis of x and (/ + JET)^ if it is parallel 
to the a-ns of z, and when the wave front is parallel to the 
plane of xy the velocity must be {g+I)^ if the vibration is parallel 
to the axis of x and (/ + 7)^ if it is parallel to the axis of y 
Now it 18 known from experiment that the velocity of a 
ray polarized parallel to one of the planea in question is the 
same, whether its direction of propagation is along one or the 
other of the axes m that plane so if we assume that the 
vibrations which constitute light are executed parallel to the 
plane of polarization we must have 

f+H=f+I g + I ’= g G h + H=h + G, 
or, Q^H^I 

This IS the assumption made in the memoir of 1830 the theoiy 
based on it is geneially known as Cauchy sFvrst Theory, \ the 
equilibrium piessures Q H, I bemg all equal, are taken to be zero 
If on the other hand we make the alternative assumption 
that the vibrations of the aether are executed at right angles to 
the plane of polarization, we must have 

h + H=g^I, f+I = h-r& g^G=f+H, 

* M6ni de 1 Acad x p 293 

In llie previous year (M4m de 1 Acad ix p 114) Cauchy had stated that the 
equations of elasticity lead in the case of uniaxal crystals to a wave surface of 
which two sheets are a sphere and spheroid ah in Huygens theory 

f ihe equations and resuHs of Cauchy’s Pirst Theory of crystal optics were 
independently obtained shoitly afterwards by Fianz Ernst Neumann (4 1798 
d 1896) of Ann d Phys xxv (1832) p 418 reprinted as No 76 of Ostwald s 
Klassiher det emhten TTissenschaften, with notes ty A ISTangenn 
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the theory based on this supposition is known as Oamh/ys 
Seemd Theory it was published m 1836* 

In both theories Cauchy imposes the condition that the 
section of two of the sheets of the wave surface made by any 
one of the coordinate planes is to be formed of a circle and an 
ellipse, as m Fresnels theoiy, this yields the three conditions 
35c=/(J + c+/), 3ea = fl'(c+o + ^), 3a5 = ^(a + & + A) 

Thus m the first theory we have these together with the 

0.0 H.o J.o, 

which express the condition that the undisturbed state of the 
aether is unstressed , and the aethereal vibrations are executed 
parallel to the plane of polarization In the second theory we 
have the three first equations together with 
f-Q^h-J^g-H, 

and the plane of polarization is interpreted to be the plane at 
right angles to the direction of vibration of the aether 

Either of Cauchy s theones accounts tolerably well for the 
p T>«"»TnATm. of crystal optics , but the wave surface (or rather 
the two sheets of it which correspond to nearly transverse 
waves) IS not exactly Fresnels In both theories the existence 
of a third wave formed of nearly longitudmal vibrations, is a 
fnTTm/tflMA difficulty Cauchy himself anticipated that the 
ATiatennft of these vibrations would ultunately be demonstrated 
by experiment and in one placef conjectured that they might 
be of a calontc nature A further objection to Cauchy’s 
theones is that the relations between the constants do not 
appear to admit of any simple physical mterpretation, being 
evidently assumed for the sole purpose of forcmg the formulae 
into some degree of conformity with the results of expenment 
l^Tid further difficulties will appear when we proceed subse 
quently to compare the properties which are assigned to the 
aether m crystal optics with those which must be postulated in 
erder to account for reflexion and refraction 

* Gomptea Btodus u (1886) p 341 M6m de I’Aoad xtui (1839), p 153 
fMem dfilAead 3cvlil,p 161 
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To the latter problem Cauchy soon addressed himself his 
m\ estigations bemg m fact published* lu the same year (1830) 
as the first of his theories of crystal optics 

At the outset of any work on refraction it is necessary to 
assign a cause for the existence of refractive indices Le for the 
variation in the velocity of light from one body to another 
Huygens as we have seen suggested that transparent bodies 
consist of hard particles which interact with the aethereal matter 
modifying its elasticity Cauchy in his eailier papersf followed 
this lead more or less closely assuming that the density p of the 
aether is the same in all media but that its rigidity n varies 
from one medium to another 

Let the axis of x be taken at right angles to the surface of 
separation of the media, and the axis of z parallel to the inter- 
section of this mterface with the incident wave front , and 
suppose first that the mcident vibration is executed at right 
angles to the plane of incidence so that it may be represented 
by 

6 = f{^ cos ^ - y Sin ^ 

where 'i denotes the angle of incidence , the reflected wave may 
be represented by 

e^i = f{xqo^ % - y sin % + 
and the refracted wave by 





03 cos r - gr sin r + 



where t denotes the angle of refraction, and the rigidity of 
the second medium. 

To obtain the conditions satisfied at the reflectmg surface, 
Cauchy assumed (without assigmng reasons) that the x~ and 
^/-components of the stress across the icy-plane are eq[ual in 


* Bull des Sciences Math xiv (1830) p 6 
t As will appear his views on this subject suhseq^uentlv changed 

L 
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the media on either side the interface This implies m the 

present case that the quantities 
3c* j 
3 ® ^ 

are to he contmuous across the mterface so we have 
WCOS4' {f-F')-‘n'c,o^r f\, %sini {f+F)^n sinr /', 
Ehminatmg/'i, 'we have 

F' _ sin (7 - 'l) 
y ' " sm (r + 1) 

Now this IS Fresnel s sme law for the ratio of the intensity 
of the reflected ray to that of the incident ray , and it is known 
that the hght to which it apphes is that which is polarized 
parallel to the plane of incidence Thus Cauchy was driven 
to the conclusion that in order to satisfy the known facts 
of reflexion and refraction, the vibrations of the aether must he 
supposed executed at nght angles to the plane of polarization 
of the hght. 

The case of a vibration performed in the plane of incidence 
he discussed m the same way It was found that Fresnel s 
tangent-law could be obtamed by assuming that and the 
normal pressure across the mterface have eq[ual values in the 
two contiguous media 

The theory thus advanced was encumbered with many diffi- 
culties In the first place the identification of the plane of 
polarization with the plane at right angles to the direction of 
vibration was contrary to the only theory of crystal optics which 
Cauchy had as yet pubhshed In the second place no reasons 
were given for the choice of the conditions at the interface 
Cauchy s motive m selectmg these particular conditions was 
evidently to secure the fulfilment of Fresnels sme-law and 
taiigent-law, but the results are inconsistent with the true 
boundary-conditions which were given later by Green 

It IS probable that the results of the theory of reflexion had 
much to do with the decision, which Cauchy now made * to 

* Comptes EeaduB, u (1836) p 341 
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reject the first theory of crystal optics m favour of the second 
After 1836 he consistently adhered to the view that the vibra- 
tions of the aether are performed at right angles to the plane of 
polarization In that year he made another attempt to frame a 
satisfactory theory of reflexion* based on the assumption just 
mentioned, and on the foUowmg boundary conditions — ^At 
the mterface between two media curl e is to be continuous and 
(takmg the axis of x normal to the mterface) dexjdx is also to 
be contmuous 

Agam we find no very satisfactory reasons assigned for the 
choice of the boundary conditions , and as the contmuity of e 
itself across the mterface is not mcluded amongst the conditions 
chosen they are obviously open to criticism , but they lead to 
Fresnel s sme and tangent equations, which correctly express 
the actual behaviour of hght t Cauchy remarks that m order to 
justify them it is necessary to abandon the assumption of his 
earlier theory, that the density of the aether is the same in aU 
mateiial bodies 

It may be remarked that neither m this nor in Cauchy s 
earlier theory of reflexion is any trouble caused by the appear 
ance of longitudmal waves when a transverse wave is reflected 
for the simple reason that he assumes the boundary conditions to 
be only four in number , and these can all be satisfied without 
the necessity for introducing any but transverse vibrations 

These features bring out the weakness of Cauchy s method of 
attacking the problem His object was to derive the properties 
of light from a theory of the vibrations of elastic solids At the 
outset he had already mhis possession the difieiential equations 
of motion of the solid, which were to be his startmg pomt and 
the equations of Fresnel, which were to be his goal It only 

* Comptes Eendus n (1836) p 341 Memoire sur la dispersion de la lumifere ^ 
{Nomeauso exercices de Math 1836), p 203 

t These boundary conditions of Cauchy s are as a matter of fact satisfied by 
ithe electric force m the electro magnetic theory of light The continuity of 
<.url e IS equivalent to the continuity of the magnetic vector across the interface 
and the continuity of de /dx leads to the same equation as tne continuity of 
the component of electnc force on the direction of the intersection of the 
interface with the plane of incidence 
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remained to supply the boundary conditions at an interface 
which are required in the discussion of reflexion and the 
relations between the elastic constants of the sohd which are 
required m the optics of crystals Cauchy seems to have con- 
sidered the question from the purely analytical point of view 
Given certain differential equations what supplementary con- 
ditions must be adjoined to them in order to produce a given 
analytical result? The problem when stated m this form 
admits of more than one solution , and hence it is not surprising 
that within the space of ten years the great French mathe- 
matiaan produced two distinct theories of crystal-optics and 
three distinct theories of reflexion* almost all yieldmg correct 
or nearly correct final formulae and yet mostly irreconcilable 
with each other and mvolvmg mcorrect boundary conditions 
and improbable relations between elastic constants 

Cauchy s theories then resemble Fresnels in postulatmg 
types of elastic sohd which do not exist and for whose 
assumed properties no dynamical justification is offered The 
same objection apphes though in a less degree to the ongmal 
form of a theory of reflexion and refraction which was 
discovered about this tunef almost sunultaneously by James 
MacCuUagh (S 1809 d 1847) of Trimty College Dublin, 
and Franz Neumann (& 1798 d 1895) of Konigsberg Te 
these authors is due the merit of having extended the laws 
of reflexion to crystalhne media, but the principles of the 
theory were originally derived m connexion with the simpler 
ease of isotropic media to which our attention will for the 
present be confined 

* One yet remains to be mentioned 

f Tbe outbnesof the theory were published by MacCuUagh in Brit Assoc Rep 
1$35 and his results were giTen in Phil Mag x (Jan 1837) and in Proc 
Royal Irish Acad xvui (Jan 1837) Neumann s memoir was presented to the 
Berhn Academy towards the end of 1836, and published in 1837 in Ahh Berl 
Ak aus dem Jahre 183o Math Klasse pi So far as publication is concerned 
the priority would seem to belong to MacCuUagh but there are reasons for 
hebeving that the priority of discovery reaUy rests with Neumann, who had 
arrived at his e<iuatioiis a year before they weie communicated to the Berlin 
Academy 
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MaeCullagh and Neumann felt that the gieat objection 
to Fresnel’s theory of reflexion was its failure to provide for 
the contmuity of the normal component of displacement at the 
mterface between two media , it is obvious that a discontmuity 
m this component could not exist in any true elastic sohd 
theory smce it would imply that the two media do not remam 
m contact Accordingly they made it a fundamental eon 
dition that all three components of the displacement must be 
contmuous at the interface, and found that the sme law and 
tangent-law can be reconciled with this condition only by 
supposu^ that the aether vibrations are parallel to the plane of 
polarization which supposition they accordingly adopted. In 
place of the remaming three true boundary conditions however, 
they used only a sir^le equation, derived by assuming that 
transverse incident waves give rise only to transverse reflected 
and refracted waves and that the conservation of energy holds 
for these — le that the masses of aether put m motion 
multiphed by the squares of the amplitudes of vibration, are 
the same before and after incidence This is of course the 
same device as had been used previously by Fresnel, it 
must however, be remarked that the principle is unsound as 
apphed to an ordmary elastic sohd, for in such a body the 
refracted and reflected energy would in part be earned away 
by lor^tudmal waves 

In order to obtam the sme and tangent laws, MacQuUagh 
and Neumann found it necessary to assume that the mertia 
of the luminiferous medium is everywhere the same, and 
that the differences in behaviour of this medium m different 
substances are due to diflferences m its elasticity The two 
laws may then be deduced in much the same way as in the 
previous mvestigations of Fresnel and Cauchy 

Although to insist on continuity of displacement at the 
interface was a decided advance the theory of MacCullagh and 
Neumann scarcely showed as yet much superiority over the 
quasi mechamcal theories of their predecessors Indeed 
MacCullagh himself expressly disavowed any claim to regard 
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his theory m the form to which it had then been brought as a 
final explanation of the properties of hght ‘ If we are asked ' 
he wrote ‘ what reasons can be assigned for the hypotheses on 
^hich the precedmg theory is founded we are far from being 
able to give a satisfactory answer We are obliged to confess 
that with the exception of the law of ms wva, the hypotheses 
■are nothing more than fortunate conjectures These conjectures 
are very probably nght smce they have led to elegant laws 
which are fully borne out by experiments , but this is aU we 
can assert respeotmg them "We cannot attempt to deduce 
t h ftTu from first pnnciples, because in the theory of light,, 
such prmeiples are still to be sought for It is eertam indeed, 
that hght IS produced by undulations propagated with 
transversal vibrations, through a highly elastic aether , but the 
constitution of this aether, and the laws of its connexion (if it 
has any connexion) with the particles of bodies are utterly 
TULknown 

The needful reformation of the elastic sohd theory of 
reflexion was effect^ by G-reen m a paper* read to the 
Cambn^ Philosophical Society m December 1837 Green;, 
though inferior to Cauchy as an analyst was his superior in 
physical insight , mstead of desigmng boundary equations for 
the express purpose of yieldmg Fresnels sine and tangent 
formulae he set to work to determme the conditions which are 
actually satisfied at the mterfaees of real elastic solids 

These he obtamed by means of general dynamical principles 
In an isotropic medium which is strained the potential energy 
per mnt volume due to the state of stress is 



where e denotes the displacement and h and n denote the two 


• Trans Cam!) Phil Soc , 1838 Green s Math Fapers p 245 
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elastic constants already introduced , by substituting this value 
of <j) in the general variational eq[uation 


II '“ IF I? If ^ dxdyds 


(where p denotes the density) the equation of motion may be 
deduced 

But this method does more than merely furmsh the equation 
of motion 


or 



div e - n curl curl e , 


div e + nV^e 


which had already been obtained by Cauchy , for it also yields 
the boundary conditions which must be satisfied at the interface 
between two elastic media in contact, these are as might be 
guessed by physical intuition that the three components of the 
displacement"^ and the three components of stress across the 
interface are to be equal in the two media If the axis of x. 
be taken normal to the interface the latter three quantities 


are 



dive+ 2n 


dex 

dx 



and 



The correct boundary conditions being thus obtamed it was 
a simple matter to discuss the reflexion and refraction of an 
mcident wave by the procedure of Fresnel and Cauchy The 
residt found by G-reen was that if the vibration of the aethereal 
molecules is executed at nght angles to the plane of incidence 
the mtensity of the reflected light obeys Fresnels sme-law pro- 
vided the rigidity n is assumed to be the same for all media 
but the mertia p to vary from one medium to another Smce 
the sme-law is known to be true for light polarized m the planfe 
of incidence Greens conclusion confirmed the hypotheses of 


• These first three conditions are of course not dynamical hut geometrical 
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iresnel, that the vibrations are executed at right angles to the 
plane of polamation, and that the optical differences between 
media are due to the different densities of aether within them 
It now remained for Green to discuss the case in which the 
mcident hght is polarized at right angles to the plane of inci 
dence so that the motion of the aethereal particles is parallel to 
the mtersection of the plane of mcidence with the front of the 
wave In this case it is impossible to satisfy aU the six 
boundary conditions without assuming that longitudinal vibra 
tions are generated by the act of reflexion Taking the plane 
of mcidence to be the plane of yz and the interface to be the 
plane of the mcident wave may be represented by the 
equations 

3 0 

^ = -4 ~ /(^ + Zz + my) , e, = - ^ — /(^ + Zz + , 

where if % denote the angle of mcidence we have 



There will be a transverse reflected wave 

9 0 

- & + my) , = -lz+ my) , 

and a transverse refracted wave 

0 0 
ey = + ZiZ + my ) , Ca = - (7 ^ 

where smce the velocity of transverse waves in the second 
medium is ^ njpz^ we can determine h from the equation 

71 

there will also be a longitudinal reflected wave, 


0 


0 



The Aether as an Elastic Solid 


153 


where X is determined by the equation 


pi 


h + 


and a longitudinal refracted wave, 


0 0 
ey = H + Xi« + my) , e, = 


0y'' 

where Ai is determined by 


Xi* + m® 


p2 


h + i'Tb 


Substitutmg these values for the displacement m the boundary- 
conditions which have been already formulated we obtain the 
equations which determine the intensities of the reflected and 
refracted waves , in particular it appears that the amplitude of 
the reflected transverse wave is given by the equation 


-4 — j 5 ^ipi 


^ ^ (pi ~~ p^y 
Ipz I p2 (Xp2 + Xipi) 


A + B 

Now if the elastic constants of the media are such that the 
velocities of propagation of the longitudinal waves are of the 
same order of magnitude as those of the transverse waves the 
diiection cosines of the longitudinal reflected and refracted rays 
will m general have real values and these lays will carry away 
^ome of the energy which is brought to the mterface by the 
incident wave Green avoided this diffiiculty by adoptmg Fresnel s 
suggestion that the resistance of the aether to compression may 
be very large in comparison with the resistance to distortion 
as is actually the case with such substances as jelly and 
caoutchouc in this case the longitudinal waves are degraded in 
much the same way as the transverse refracted ray is degraded 
when there is total reflexion and so do not carry away energy 
Making this supposition so that Jci and are very large the 
■quantities X and Xi have the values m - 1 and we have 

A- B ^ ^ {pi ~ pg) ^ — T 
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Thus if BjA denote the modulus of BjA, we have 



This expression represents the ratio of the intensity of the 
transverse reflected wave to that of the mcident wave It 
does not agree with Fiesnel s tangent formula and both on this 
account and also because (as we shall see) this theory of reflexion 
does not harmonize well with the elastic solid theoiy of crystal- 
optics it must be concluded that the vibrations of a Greenian 
sohd do not furmsh an exact parallel to the vibrations which 
constitute light 

The success of Green s investigation from the standpoint of 
dynamics set ofif by its failure in the details last mentioned^ 
stimulated MacCuUagh to fresh exei tions At length he succeeded 
in placmg his own theory which had all along been free from 
reproach so far as agreement with optical experiments was 
concerned on a sound dynamical basis , thereby effecting that 
reconcihation of the theories of Light and Dynamics which had 
been the dream of every physicist since the days of Descartes 
The central feature of MacCullaghs investigation* which 
was presented to the Eoyal Irish Academy in 1839, is the intro 
duction of a new type of elastic solid He had in fact concluded 
from Greens results that it was nnpossible to explain optical 
phenomena satisfactorily by comparing the aether to an elastic 
sohd of the ordinary type which resists compression and 
distortion , and he saw that the only hope of the situation was 
to devise a medium which should be as strictly conformable to- 
dynamical laws as Green s elastic solid and yet should have 
its properties specially designed to fulfil the requirements of 
the theory of hght Such a medium he now described 

If as before we denote by e the vector displacement of a 
pomt of the medium from its equihbrium position it is well 

* Trans Eoy Insli Acad xxi MacCullagTi s Goll TPorh p 146 
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known that the vector curl e denotes twice the rotation of the 
part of the solid in the neighbourhood of the point (a? y z) from 
its equilibrium orientation In an ordinary elastic solid, the 
potential energy of strain depends only on the change of size 
and shape of the volume elements , on their compression and 
distortion, in fact For MacCullaghs new medium on the 
other hand, the potential energy depends only on the rotatvm 
of the volume elements 

Since the medium is not supposed to be m a state of stress 
in its undisturbed condition the potential energy per unit 
volume must be a quadratic function of the derivates of e , so 
that in an isotropic medium this quantity 0 must be formed 
from the only invariant which depends solely on the rotation 
and 18 quadratic in the derivates, that is from (curl e) , thus 
we may write 






The equation of motion is now to be determmed as in the 
case of Green s aether, from the variational equation 










the result is 


P^2 “ -/i curl curie 

It IS evident from this equation that if div e is mitially 
zero it wjU always be zero we shall suppose this to be the 
case so that no longitudmal waves exist at any time in the 
medium One of the greatest difficulties which beset elastic- 
solid theories is thus completely removed 

The equation of motion may now be written 

02e 
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■which shows that transverse waves are piopagated with velocity 
■v/ \tlp 

From the variational equation we may also determine the 
boundary conditions which must he satisfied at the interface 
between two media , these are that the three components of e 
are to he contmuous across the interface, and that the two 
components of p euil e parallel to the interface are also to be 
contmuous across it One of these five conditions, namely, the 
contmmty of the normal component of e is really dependent on 
the other four, for if we take the axis of x normal to the 
mterface the equation of motion gives 


and as the quantities p (m curie)* and (ji cuile)j, are contmuous 
across the interface the contmuity of follows Thus the 
only mdependent boundary conditions in MacCuUagh’s theory 
are the contmuity of the tangential components of e and of 
jtt curie* It IS easily seen that these are equivalent to the 
boundary conditions used in MacOullagh s earlier paper, namely, 
the equation of ms mm and the continuity of the three 
components of e and thus the lotationally elastic” aether of 
this memoir furnishes a dynamical foundation for the memoir 
of 1837 

The extenaon to crystallme media is made by assummg the 
potential energy per unit volume to have when referred to the 
prmeipal axes the form 


A 








whare ABC denote three constants which determme the 
optical behaviour of the medium it is leadily seen that the 
wave-surface is Fresnels and that the plane of polarization 


• MaoCuUagli’s equations may readily be interpreted m the electro magnetic 
theory of light e coriesponds to the magnetic force, curl e to the electric force, 
and curl e to the electnc displacement 
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contains the displacement and is at nglit angles to the 
rotation 

MaeCuUaghs work was regarded with doubt by his own 
and the succeedmg generation of mathematical physicists, and 
can scarcely he said to have been properly appreciated until 
iFitzGerald drew attention to it forty years afterwards But 
there can be no doubt that MaeOuUagh really solved the 
problem of devising a medium whose vibrations calculated m 
accordance v^ith the correct laws of dynamics should have the 
same properties as the vibrations of hght 

The hesitation which was felt m aceeptmg the rotationally 
elastic aether arose mainly from the want of any readily 
conceived example of a body endowed with such a property 
This difficulty was removed m 1889 by Sir William Thomson 
(Lord Kelvin) who designed mechamcal models possessed of 
rotational elasticity Suppose for example * that a structure is 
formed of spheies each sphere bemg m the centie of the 
tetrahedron formed by its four nearest neighbours Let each 
sphere be joined to these four neighbours by rigid bars which 
have spherical caps at their ends so as to shde freely on the 
spheres Such a structure would for small deformations behave 
like an incompressible perfect fluid Now attach to each bar a 
pair of gyroscopically mounted flywheels rotatmg with equal 
and opposite angular velocities and havmg them axes m thebne 
of the bar a bar thus equipped will require a couple to hold 
it at rest in any position mclmed to its ongmal position and 
the structure as a whole will possess that kind of quasi 
elasticity which was first imagined by MacCullagh 

This particular representation is not perfect smce a system 
of forces would be required to hold the model m equihbnum if 
it were irrotationally distoited. Lord Kelvin subsequently 
mvented another structure free from this defect t 

» Comptes Eendus Sept 16 1889 Kelvui s Math and Fhys la^ert lu 

^ t^Proo Roy Soc Itlmb Mar 17 1890 Kelym s Math and Fhys Faptrs 
111 p 468 
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The work of Green proved a stimulus not only to 
MaeCuUagh but to Cauchy, who now (1839) published yet 
a third theory of reflexion* This appears to have owed its 
•origm to a remark of Green sf that the longitudinal wave 
might be avoided m either of two ways — namely by supposing 
its velocity to be mdefinitely great or mdefinitely small Green 
curtly dismissed the latter alternative and adopted the former 
•on the ground that the eqmlibrium of the medium would be 
unstable if its compressibihty were negative (as it must be if 
the velocity of longitudinal waves is to vanish) Cauchy without 
*ttemptmg to meet Green s objection took up the study of a 
medium whose elastic constants aie connected by the e(j^uation 

= 0 , 

BO that the longitudmal vibrations have zero velocity, and showed 
that if the aethereal vibrations are supposed to be executed at 
right aigles to the plane of polarization, and if the rigidity 
•of the aether is assumed to be the same in all media a ray 
which IS reflected will obey the sme law and tangent law of 
Fresnel The boundary conditions which he adopted in order to 
-obtam this lesult were the contmuity of the displacement e and 
•of its denvate 9e/3a; where the axis of x is taken at right 
Angles to the mterface t These are not the true boundary-eon- 
•ditions for general elastic sohds , but m the particular case now 
under discussion where the rigidity is the same in the two 
media they yield the same equations as the conditions correctly 
given by Green 

The aether of Cauchy s third theory of reflexion is well 
worthy of some further study It is generally known as the 
eofUracitle or Mnle^ aether the names being due to William 

* Comptes Hendus ix p 676 (25 Not 1839) and p 726 (2 Dee 1839) 
t Green a Math J^apers p 246 

t Comptes Eendns x p 347 (Marcli 2 1840) xxvu, p 621 (1848) :lxviu p 26 
(1849) Mem de 1 Acad xxu (1848), pp 17 29 

f ZabtU<sc neutral is a term used of sucli equilibrium as that of a ngid body on 
^ perfectly smooth honzoutal plane 
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Thomson (Loid Kelvin) who discussed it long afterwards* It 
may be defined as an elastic medium of (negative) com- 
pressibility such as to make the velocity of the longitudmal 
wave zero this implies that no work is requmed to be done 
in order to give the medium any small irrotational disturbance 
An example is furnished by homogeneous foam fiee from an 
and held from collapse by adhesion to a contaming vessel 

Cauchy as we have seen did not attempt to refute Green s 
objection that such a medium would be unstable, but as 
Thomson remarked, every possible infimtesimal motion of the 
medium IS, in the elementary dynamics of the subject proved 
to be resolvable into coexistent wave motions If, then the 
velocity of propagation for each of the two kmds of wave motion 
IS real the eqiilibnum must be stable, pro\ided the medium 
either extends through boundless space or has a fixed contammg 
vessel as its boundary 

When the rigidity of the lummiferous medium is supposed 
to have the same value in all bodies the conditions to be satisfied 
at ‘=‘n interface reduce to the continuity of the displacement e 
of the tangential components of curl e and of the scalar 
quantity (k + 4^) div e across the interface 

Now we have seen that when a transverse wave is incident 
on an interface it gives rise in general to reflected and refracted 
waves of both the transveise and the longitudmal species In 
the case of the contractile aether for which the velocity of 
propagation of the longitudmal waves is very small the ordinary 
construction for refracted waves shows that the directions of 
propagation of the reflected and refracted longitudmal waves 
will be almost normal to the interface The longitudmal 
waves will therefore contribute only to the component of 
displacement normal to the mterface not to the tangential 
components m other words, the only tangential components of 
displacement at the interface are those due to the three trans 
verse waves — the mcident reflected and refracted Moreover 
the longitudmal waves do not contribute at all to curl e , and 
* Phil Mag XXVI (1888) p 414 
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therefore in the contractile aether, the conditions that the 
tangential components of e and of u curl e shall be continuous 
across an interface are satisfied by the distortional part of the 
disturbance taken alone The condition that the component 
at e normal to the interface is to be continuous is not satisfied 
by the distortional part of the disturbance taken alone but is 
satisfied when the distortional and compressional parts are taken 
together 

The energy carried away by the longitudinal waves is 
mfinitesunal as might be expected smce no work is req^uired in 
order to generate an irrotational displacement Sence, with 
this aether the behaviour of the transverse waves at an 
interface may be specified without considering the irrotational 
pait of the disturbance at all by the conditions that the 
conservation of energy is to hold and that the tangential 
components of e and of n curl e are to be continuous But if 
we identify these transverse waves with hght assuming that 
the displacement e is at right angles to the plane of polarization 
of the light and assummg moreover that the rigidity n is the 
same in all media* (the differences between media depending on 
differences m the inertia p), we have exactly the assumptions 
of Fresnel s theory of light whence it follows that transverse 
waves in the labile aether must obey m reflexion the sine-law 
and tangent law of Fresnel 

The great advantage of the labile aether is that it overcomes 
the difficulty about securing contmmty of the normal com 
ponent of displacement at an interface between two media 
the hght waves taken alone do not satisfy this condition of 
contmuitj , but the total disturbance consisting of light waves 
and irrotational disturbance taken together does satisfy it, 
and this is ensured without allowing the irrotational disturbance 
to carry off any of the energy t 

^ This condition is in any case necessary foi stability, as was shown by 
E r Glazebiook of Thomson Phil Mag xxvi p 500 

t The labile-aether theory of light may be compared with the electro magnetic 
theory hy mterpretmg the displacement e as the electric force, and po as the 
electric displacement 
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William Thomson (Lord Kelvin 6 1824 d 1908) who 
devoted much attention to the labile aether was at one tune 
led to doubt the validit 7 of this explanation of light* ^ for when 
investigating the radiation of energy from a vibrating rigid 
globe embedded in an infimte elastic solid aether he found that 
in some cases the irrotational waves would carry away a 
considerable part of the energy if the aether were of the labile 
type This difficulty however was removed by the observationf 
that it IS sufficient for the fulfilment of Fresnel s laws if the 
velocity of the irrotational waves m one of the two media is 
very small without regard to the other medium Following up 
this idea Thomson assumed that m space void of ponderable 
matter the aether is practically incompressible by the forces 
concerned in light-waves but that m the space occupied by 
hquids and solids it has a negative compressibihty so as to give 
zero velocity for longitudinal aether waves in these bodies 
This assumption was based on the conception that material 
atoms move through space without displacmg the aether a 
conception which as Thomson remarked contradicts the old 
scholastic axiom that two different portions of matter cannot 
simultaneously occupy the same space J He supposed the 
aether to be attracted and repelled by the atoms and thereby to 
be condensed or rarefied § 

The year 1839 which saw the pubhcation of MacCuUagh s 
dynamical theory of light and Cauchy s theory of the labile 
aether was memorable also for the appearance of a memoir by 
Green on crystal optics || This really contains two distinct 
theones, which respectively resemble Cauchy’s First and Second 
Theories in one of them the stresses in the undisturbed state 

* JBalt%more Zeetures (edition 1904) p 214 
t Ihd (ed 1904) p 411 

t Michell and Boscovich in tlie eighteenth century had taught the doctiine o£ 
the mutual penetration of matter i e that two substances may be in the same 
place at the same time without excluding each other ef Priestley s y i 
p 392 

6 Of Baltimore Zectu) es {Qd. 1904) pp 413-14 463 and Appendices A and E 
II Cambiidge Phil Tians , 1839 Green s Bapeis^ p 293 

M 
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of the aether are supposed to vanish, and the vibrations of the 
aether are supposed to be executed parallel to the plane of 
polarization of the light, in the other theory, the iiiitul stresses 
are not supposed to vanish and the aether-vibiatioiis are at 
right angles to the plane of polarization The two investigations 
are generally known as dreen s First and Second Cheories of 
crystal optics 

The foundations of both theories are howevei the same 
Green first of all determined the potential energy of a strained 
crystalline sohd , this in the most general case involves 27 
constants or 21 if there is no initial stress * If, however as is 
here assumed the medium possesses three planes of symmetry 
at right angles to each other, the number of constants reduces 
to 12 or to 9 if there is no mitial stress , if e denote the dis- 
placement, the potential energy per unit volume may be written 



The usual vanational equation 


j|Jp ^ = - III dx dy dz, 

^ For there are 21 terms in a homogeneous function of the second degree in six 
yanables 



The Aether as an Elastic Solid 


163 


then yields the differential equations of motion, namely 




0£I3 V 0.3? ^ 


0^3 

dz 



033 ^ 



and two similar equations 

These differ from Cauchy’s fundamental equations in having 
greater generality for Cauchy’s medium was supposed to be 
built up of point centres of force attractmg each other according 
to some function of the distance, and, as we have seen there 
are limitations in this method of construction, which render it 
mcompetent to represent the most general type of elastic solid 
Cauchy’s equations foi crystalline media are in fact exactly 
analogous to the equations origmally found by Navier foi 
isotropic media, which contain only one elastic constant instead 
of two 

The number of constants m the above equations still exceeds 
the three which are required to specify the properties of a 
biaxal crystal and Green now proceeds to consider how the 
number may be reduced The condition which he imposes for 
this purpose is that for two of the three waves whose front is 
parallel to a given plane the vibration of the aetheieal molecules 
shaE be accurately m the plane of the wave m other words 
that two of the three waves shall be purely distortional, the 
remaining one bemg consequently a normal vibration This 
condition gives five relations,* which may be written — 


«r - 5 = c = J/t, 

/' = /!- 2 / g' = fj,-2g, h' = fi-2h, 

where fi denotes a new constant f 


’^AsGreenaho'W'ed, the hypothesis of transyersahty really involves the existence 
of planes of symmetry so that it alone is capable of giving 14 relations betw-een the 
21 constants and 3 of the remaining 7 constants may be removed by change of 
axes leavmg only four 

fit was afterwards shown by Barr6 de Samt Venant (b 1/97 d 1886) 
Journal de Math , vn (1863) p 399 that if the initial stresses be supposed to 
vamsh, the conditions which must be satisfied among the remaining nine constants 

M 2 
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Thus the potential energy per unit volume may be written 



At this point Green s two theories of crystal optics diverge 
from each other According to the first theory, the initial 
stresses G S I are zero so that 



aiefghfffhm order that the wave surface may be Fresnel s are the 
following — 

r (35 -/)(3o-/) = (/+/)» 

J (3e-i»’)(3a-y)=(y+#r)s 

1 {Za-h){Zi-h) = (k-^hf 

U3«-^){3i-A)(3c-/) + (3ap-.A)(3^-/)(3o-.^) = 2(/+/) + 

These reduce to Green s relations when the additional equation assumed 

Saint Tenant disputed the validity of Green s relations asserting that they are 
eompatihle only with isotropy On this controversy cf It T Glazebroofe, Br%t 
Auoe ^ort 1885 p 171 and Karl Pearson in Todhunter and Pearson s JSiitorv 
of Blaatmiy u § 147 
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This expression contains the correct number of constants 
namely four three of them represent the optical constants 
of a biaxal crystal and one (namely, d) represents the square of 
the velocity of propagation of longitudinal waves It is found 
that the two sheets of the wave surface which coirespond to the 
two distortional waves form a Fresnel s wave surface the third 
sheet which corresponds to the longitudmal wave being an 
elhpsoid The directions of polarization and the wave velocities 
of the distortional waves are identical with those assigned hy 
Fresnel provided it is assumed that the direction of vibration 
of the aether particles is parallel to the plane of polarization , 
but this last assumption is of course inconsistent with Greenes 
theory of reflexion and refraction 

In his Second Theory Green like Cauchy used the condition 
that for the waves whose fronts are parallel to the coordinate 
planes, the wave velocity depends only on the plane of polariza- 
tion, and not on the direction of propagation He thus obtained 
the equations already found by Cauchy — 

The wave surface in this case also is FreBneFs provided it 
IS assumed that the vibrations of the aether are executed at 
right angles to the plane of polarization 

The prmciple which underhes the Second Theones of Green 
and Cauchy is that the aether m a crystal resembles an elastic 
solid which IS unequally pressed or pulled m different directions 
by the unmoved ponderable matter This idea appealed strongly 
to W Thomson (Kelvin), who long afterwards developed it 
further,* arnvmg at the followmg mteresting result — ^Let an 
incompressible solid, isotropic when unstramed, be such that its 
potential energy per unit volume is 


where denotes its modulus of rigidity when unstramed, and 


* Proc R S Edin xv(1887), p 21 Plul Mag xxv (1888) p 116 BaUxmor^ 
Zeetures (ed 1904) pp 228-259 
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denote the proportions m which lines parallel to the 
axes of strain are altered , then if the solid be initially strained 
in a way defined by given values of a ]3 y by forces apphed to 
its surface and if waves of distortion be superposed on thi*^ 
initial strain the transmission of these waves will follow exactly 
the laws of Fresnel s theory of crystal optics the wave surface 
bemg 



There is some dijB&culty m picturing the manner in which 
the molecules of ponderable matter act upon the aether so as to 
produce the mitial strain required by this theory Loid 
Kelvm utihzed* the suggestion to which we have already 
referred namely that the aether may pervade the atoms of 
matter so as to occupy space jomtly with them, and that its 
mteraction with them may consist m attractions and repulsions 
exercised thioughout the regions intenor to the atoms These 
forces may be supposed to be so large m comparison with those 
called mto play in free aether that the resistance to compres 
sion may be overcome, and the aether may be (say) condensed 
m the central region of an isolated atom, and rarefied m its 
outer parts A crjstal may be supposed to consist of a group 
of spherical atoms m which neighbourmg spheres overlap each 
other , in the central regions of the spheres the aether will be 
condensed, and within the lens shaped regions of overlapping 
it will be still more rarefied than m the outer parts of a sohtary 
atom while m the mterstices between the atoms its density 
will be unaffected In consequence of these rarefactions and 
condensations the reaction of the aether on the atoms tends 
to draw mwards the outermost atoms of the group, which 
however, will be mamtained in position by repulsions between 
the atoms themselves, and thus we can account foi the pull 
which accordmg to the present hypothesis is exerted on the 
^ther by the ponderable molecules of crystals 

Leetima (ed 1904), p 253 
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Analysis similar to that of Cauchy s and Greeu'K Second 
Iheory of crystal optics may be applied to exp am i 
refracting property which is posaeaaed by stome g t ’ 
m this ^ the formiill^ derived are foniid to oinflict «.t 
the results of experiment The discordance ec ^ . 

doubt the truth of the whole theory ‘ After eai nest aiK 
hopeful consideration of the stress theory of ou e re rac 
durmg fourteen years he said* I am unable to see low i 
can give the true explanation either of the double re rao ion o 
natural crystals or of double refraction induced in isotropic 
sohds by the appheation of unequal pressures in diffeient 


directions n rr i > 

It is impossible to avoid noticing throughout all Kelvin s 

woik evidences of the deep impression which was made 
upon him by the writings of Green The same may be said 
of Kelvm s friend and contemporary Stokes , and indeed, it 
IS no exaggeration to describe Green as the real founder of 
that “ Cambridge school of natuial philosophers, of which 
Kelvm Stokes, Lord Eayleigh, and Clerk Maxwell were the 
most illustrious members in the latter half of the nineteenth 
century and which is now led by Sir Joseph Thomson and 
Sir Joseph Larmor In older to understand the peculiar 
position occupied by Green it is necessary to recall some* 
thing of the history of mathematical studies at Cambridge 

The century which elapsed between the death of Newton 
and the scientific activity of Green was the darkest in the 
history of the University It is true that Cavendish and 
Young were educated at Cambridge , but they, after taking 
undergraduate courses, renaioved to London In the entire 
period the only natural philosopher of distinction who lived 
and taught at Cambridge was Michell, and for some reason 
which at this distance of time it is difficult to understand 


fully Michell’s researches seem to have attracted little or \io 
attention among his collegiate contemporaries and succossom, 


* B tU\mo9 e Zectitres {ed 1904) p 
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who silently acquiesced when his discoveries were attributed to 
others and allowed his name to peiish entirely from Cambridge 
tradition 

A few years before Green pubhshed his fiist paper a 
notable revival of mathematical learning swept over the 
University , the fluxional symbolism which since the time of 
Newton had isolated Cambridge from the continental schools 
was abandoned in favour of the differential notation, and the 
works of the great French analysts were introduced and 
eagerly read Green undoubtedly received his own early 
inspiration from this source, but m clearness of physical 
insight and conciseness of exposition he far excelled his 
masters, and the shght volume of his collected papers has 
to this day a charm which is wantmg to the voluminous 
writings of Cauchy and Poisson It was natural that such an 
example should powerfully influence the youthful intellects of 
Stokes — who was an undergraduate when Green read his memoir 
on douole refraction to the Cambridge Philosophical Society — 
and of "William Thomson (Eelvin) who came into residence two 
years afterwards* 

In spite of the advances which were made in the great 
memoirs of the year 1839 the fundamental question as to 
whether the aether-particles vibrate parallel or at right angles 
to the plane of polarization was still unanswered. More light 
was thrown on this problem ten years later by Stokes s inves 
tigation of Diffraction t Stokes showed that on almost any 
conceivable hypothesis regarding the aether a disturbance in 
which the vibrations are executed at right angles to the plane 
of diffraction must be transmitted round the edge of an opaque 
body with less diminution of intensity than a disturbance whose 
vibrations are executed parallel to that plane It follows that 
when hght of which the vibrations are oblique to the plane of 

-was m tie year ihomson took his degree (1845) that he bouglit and read 
with, delight tlie electrical memoir which Green had published at Nottingham la 
1828 

t Trans Canib Phil Soc , ix (1849), p 1 Stokes s and Phys Pa^eiS 
u, p 243 
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difiraction is so transmitted the plane of vibration will be more 
nearly at right angles to the plane of diffraction in the diffracted 
than m the incident hght Stokes himself performed experi 
ments to test the matter using a gratmg in order to obtain 
strong light diffracted at a large angle and found that when 
the plane of polarization of the incident hght was oblique to the 
plane of diffraction, the plane of polarization of the diffracted 
hght was more nearly parallel to the plane of diffraction This 
result, which was afterwards confirmed by L Lorenz * appeared 
to confirm decisively the hypothesis of Fresnel that the vibra- 
tions of the aethereal particles are executed at right angles to 
the plane of polarization 

Three years afterwards Stokes indicatedf a second line of 
proof leadmg to the same conclusion It had long been known 
that the blue hght of the sky which is due to the scattering of 
the suns direct rays by small particles or molecules m the 
n.tmosphere, is partly polarized The polarization is most 
marked when the hght comes from a part of the sky distant 90 ° 
from the sun in which case it must have been scattered in a 
direction perpendicular to that of the direct sunlight incident 
on the small particles , and the polarization is in the plane 
through the sun 

If then the axis of y be taken parallel to the hght incident 
on a small particle at the origm, and the scattered hght he 
observed along the axis of x this scattered hght is found to be 
polarized m the plane xy Considering the matter from the 
dynamical point of view we may suppose the material particle 
to possess so much mertia (compared to the aether) that it is 
practically at rest Its motion relati\ e to the aether which is 
the cause of the disturbance it creates in the aether will there 
fore be m the same line as the incident aethereal vibration, 
but m the opposite direction The disturbance must be 
transversal and must therefore be zero m a polar direction and 

^ Ann d Phys cxi(1860) p 316 Phil Mag xxi (1861), p 321 

tPhil irans 1852 p 463 Stokes s Math and Fhys Fa^eu lu p 267 
-Of the foot note added on p 361 oi the and Fhys Fapeu 
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a iTig-yimnin m an equatonal direction its amplitude bemg, m 
fact proportional to the sme of the polar distance The polai 
Ime must hy considerations of symmetry be the Ime of th& 
mmdent vibration Thus we see that none of the light scattered 
in the X duection can come from that constituent of the incident 
hght which vibrates parallel to the x aios , so the light observed 
in this direction must consist of vibrations parallel to the a-axis 
But we have seen that the plane of polarization of the scattered 
hght is the plane of xy , and therefore the vibration is at right 
n-n glAg to the plane of polarization* 

The phenomena of diffraction and of polarization by scatter- 
ing thus agreed in confirmmg the result arrived at m Fresnel s 
and Green s theory of reflexion The chief aifficulty m acceptmg 
it arose in connexion with the optics of crystals As we have 
seen Green and Cauchy weie unable to reconcile the hypothesis 
of aethereal vibrations at nght angles to the plane of polanza 
tion with the correct formulae of crystal optics at any rate so 
long as the aether within crystals was supposed to be free from 
uufiia .1 stress The underlymg reason for this can be readily 
seen. In a crystal where the elasticity is different m different 
directions the resistance to distortion depends solely on the 
orientation of the plane of distortion which m the case of light 
18 the plane through the directions of propagation and vibration 
How it is known that for light propagated parallel to one of the 
axes of elasticity of a crystal the \elocity of propagation 
depends only on the plane of polarization of the hght being the 
same whichever of the two axes lymg m that plane is the 
direction of propagation Oomparmg these results we see that 
the plane of polarization must be the plane of distortion, and 
&erefore the vibrations of the aether paiticles must be executed 
parallel to the plane of polarization t 

* The Hiecny of pdanzatioii hv small particles was after \irards investigated by 
losdBaylMgh Phil Mag xli(1871) 

Presnel s theory of crystal optics in which the aether vibiatioiis are at 
as|^ to the plane of polarization the velocity of propagation depends only 
DB the dtiesshon of vibration not on the plane through this and the direction of 
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A way of escape from this conolusiou suggested itself to 
Stokes * and later to Eankmet and Lord Rayleigh t What if the 
aether in a crystal instead of having its elasticity different m 
different directions were to haie its iigidity mvariahle and its 
'mert^a different in different directions ? This would bring the 
theory oi crystal optics into complete agreement with Rresnel s 
and Green’s theory of reflexion in which the optical differences 
between media are attributed to differences of inertia of the 
aether contained within them The only difficulty lies in 
conceiving how aelotropy of inertia can exist , and all three 
writers overcame this obstacle by pointing out that a solid 
which is immersed in a fluid may have its effective inertia 
different in different directions For instance a com immersed 
m water moves much more readily in its own plane than m the 
direction at right angles to this 

Suppose then that twice the kmetio energy per umt volume 
of the aether within a crystal is lepresented by the expression 



and that the potential energy per umt volume has the same 
value as in space void of ordinary matter The aether is 
assumed to be incompressible, so that div e is zero the potential 
energy per unit volume is therefore 




lU dz) 


fde, (^v , SffV _ 4 

\3» dm J \dx dy J ~ dy dz 

dz dec dec dy f 


where n denotes as usual the rigidity 


* Stokes ux a letter to Lord Eayleigh inserted in his Mmov anil So%enUJio 
Oorrespondenee ii p 99, explains that the idea presented itself to him while he 
•was writing the paper on Fluid Motion which appeared m Trans Camh Phil 
Soc , vui (1843), p 106 He suggested the wave surface to which this theory 
leads xn Bnt Assoc Bep 1862, p 269 

t Phil Mag (4) i (1861), p 441 t ^ P 


619 
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The vanationarl equation of motion is 





0 ^ 2 / n - I ^ ^ 


dit dy dd 





dy dz, 


where denotes an undeteimmed function of y z) tin teiin 
in being introduced on account of the kinematical constiamt 
expiessed by the equation 

div e = 0 


The equations 
equation aie 


of motion which result fioin this \aiiati<nial 


0 

'W 




and two similar equations It is evident that p leseinblos a 
hydrostatic pressure 

Substituting m these equations the analytical expitssion 
for a plane wave we readily find that the velocity V of tht 
wave is connected with the direction cosines (X, ^ z/) of its 
noimal by the equation 

A® V 

n-p,V^ n-p^/ ^ n-p,T~^ 

When this is compared with Fresnel s i elation between the 
velocity and direction of a wave it is seen that the new foiimila 
differs from his only in having the reciprocal of the velocity m 
place of the velocity About 1867 Stokes earned out a senes 
of experiments in order to determine which of the two theones 
was most nearly conformable to the facts he found the con- 
stiuction of Huygens and Fresnel to be deeidedl} the more 
correct, the difference between the results of it and the nval 
construction being about 100 times the probable eiior of 
observation * 


these expeiimenta Stokes gave It as his opinion 
(Phil Mag xli (1871) p 621) that the true theory of crystal optics -was yet to be 
found On the aecuiacy of iiesnels construction of Glswebrook Phil Iran* 
clxxi (1879) p 421 and Hastings Am Jouin Sci (3) ixxv (1887) p 60 
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The hypothesis that in crystals the ineitia depends on 
dnection seemed therefore to be disciedited when the theory 
based on it was compared with the results of observation But 
when in 1888 W Thomson (Lord Kelvin) revived Cauchy s 
theoiy of the labile aether the question naturally arose as to 
whethei that theory could be extended so as to account for the- 
optical pioperties of crystals and it was shown by E T 
Gla-^ebiook* that the correct formulae of crystal optics aie 
obtained when the Cauchy Thomson hypothesis of zero velocity 
foi the longitudinal wave is combined with the Stokes-Eankine- 
Eayleigh hypothesis of aelotropic inertia 

For on reference to the formulae which have been already 
given it IS obvious that the equation of motion of an aether 
having these properties must be 

pse ) = - 'W' cull curl e 

where e denotes the displacement % the rigidity and {pi, pz pz) 
the inertia and this equation leads by the usual analysis to 
Fresnels wave-surface The displacement e of the aetheieal 
pai tides i& not however accuratel} in the wave front as in 
lie&nels theory but is at right angles to the direction of the 
ra} ill the plane passing thiough the ray and the wave- 
noimal t 

Having now traced the pi ogress of the elastic solid theory 
so fai IS it IS concerned with the propagation of hght in 
oidinaiy isotropic media and in crystals we must consider the 
attempts which were made about this time to account for the 
optical pioperties of a more peculiar class of substances 

It was found by Arago in 181 that the state of 
polallz^tlon of a beam of hght is altered when the beam is 
pissed through a plate of quaitz along the optic axis The 

A Phil Mag xYvi (1888) p 521 xxviii (1889) p 110 

t 1 Ills theoiy of ciystal optics may he assimilated to the electio magnetic theoi’y 
by inteipretiTig the elastic displacement e is electnc loice and the vectoi 
{pic , p Cy pze) as electnc displacement 

JMun dellnstitut ISll, Parti p 115 sqq 
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phenomenon was studied shortly afterwards by Biot* who 
showed that the alteiation consists in a rotation of the plane of 
polarization about the direction of propagation the angle of 
rotation is proportional to the thickness of the plate and 
inversely proportional to the square of the wave length 

In some specimens of quartz the rotation is fiom left to 
right in others from right to left This distinction was shown 
by Sir John Herschelf (& 1792, d 1871) in 1820 to be 
associated with diffeiences in the ciystalline form of the 
specimens the two types bearing the same relation to each 
other as a right handed and left handed helix lespectively 
FresnelJ and W Thomson? proposed the term hchcal to 
denote the propeity of rotating the plane of polaiization 
exhibited by such bodies as quaitz the less appropiiate term 
nat%i 7 al rotcvtoi y ^polm %zahon is, howe\er generally used || 

Biot showed that many liquid organic bodies eg tuipentine 
and sugar solutions possess the natural rotatory pioperty we 
might be led to infei the presence of a helical structuie in 
the molecules of such substances j and this infeience is sup 
poited by the study of their chemical constitution, toi they 
are invaiiably of the miiior-image oi enantiomoiphous 
type in which one of the atoms (geneially caibon) is asym 
metrically linked to other atoms 

The next advance m the subject was due to Fresnel, IT who 
showed that in naturally active bodies the velocity of piopa 
gation of circulaily polarized light is different according as the 
polarization is right handed or left handed Fioin this 
property the rotation of the plane of polarization of a plane 
polarized ray may be immediately deduced , for the plane 
polaii/ed ray may be lesolved into two rays circularly polaiized 
in opposite senses, and these advance m phase by difteient 

* Mem dellnstitut 1812 Parti p 218 sqq Annales de Ohim ix (1818) 
p 372 x(1819) p 63 tCaml) Phil Soc Trans i p 43 

{Mem del Inst vu, p 73 \ Baltimoi e Lectures 1904) p 31 

II The term rotatory may be applied with propriety to the property discovered 
by Faraday winch will be discussed latei 
H Annales de Chim xxviii (18*’o) p 147 
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iinonnts in passing through a given thicknesh of the suhstauee 
^t ni> st ige they may he reeompounded into \ pUiie polluted 
111 th( i/iinuth of whose plane of polaii/atioii Miles with the 
It ngtli of path traversed 

It IS leadily seen from this that i lay of light inciileiit on 
i ( 1 } St il ot quart/ will in general bifurcate into two rcfiaeted 
n\s < ich of which will be elliptically polaii/ed le will be 
< ipihle ot lesolutioii into two plane polaii/cd comiionents 
winch (hffti in phase by a defimte amount The diiections of 
tliese icfiacted lays may be deteimined by Huygens con- 
sti notion provided the wave surface is supposed to consist of a 
spheie and spheroid which do not toiich 

Ihe first attempt to frame a theory of natuially active 
bodu s was made by MacCullagh iii 1836 Suppose a plane 
w ive of light to be propagated within a ciystal of quait/i Let 
■() I/, z) denote the coordinates of a vibrating molecule when 
tlic axis ot t is taken at right angles to the plane of the wave 
and the axis of z at right angles to the axis of the 
nystal Using Y and ^to denote the displacements iiaiallel to 
tin axes of y and « respectively at any time 1 MacCullagh 
issumed that the difierential equations which deteimuie 3 "^ and 

/ ii( 

02 jr 02 jg 0,^ 

0!! “ 01! ^ 01-’ 

0!5 ^ as* W 

whao denotes a constant on which the natuial lotatory 
])iop(:ity of the ciystal depends In order to avoid coinpli- 
( it ions irisnig from the ordinary crystalline properties o± quart/ 
\v( shall suppose that the light is propagated paiallel to the 
optic IMS so that we can take equal to Cj 

Assuming first that the beam is circularly polari/ed let it 
Ik i( pitsented by 

Y=Am\—{hu-t\ ^=±^cos — Uja-i) 

T T 

liaiis Hoi al Irish Acad xvii MacGullagh’s C'oZZ Wo'iJ^s p 63 
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the ambiguous sigu being deteimmed accoiding as the circular 
polarization is right handed or left handed 

Substituting in the above differential equations we have 

l = C:*Z*qiju ^ 

T 

or 

^ - ± — , 

Cl rCi^ 

Since 1/1 denotes the velocity of propagation it is evident that 
the reciprocals of the velocities of propagation of a right handed 
and left handed beam differ by the quantity 

2TrfJb 

from which it is easily shown that the angle thiough which the 
plane of polarization of a plane polarized beam rotates in unit 
length of path is 

Tv 

If we neglect the variation of Ci with the period of the light, 
this expression satisfies Biot’s law that the angle of rotation 
in unit length of path is propoitional to the inverse square of 
the wave length 

MacCullagh s investigation can be scarcely called a theory 
for it amounts only to a reduction of the phenomena to 
empirical though mathematical laws, but it was on this 
foundation that later workers built the theory which is now 
accepted * 


* The later developments of this theory will be discussed m a subsequent 
chapter but mention may here be made of an attempt which was made in 1866 by 
Carl Neumann then a very young man to provide a rational basis tor MacCullagh s 
equations Neumann showed that the equations may be derived from the 
hypothesis that the relative displacement of one aethereal paiticle with respect to 
another acts on the latter according to the same law as an element of an electric 
current acts on a magnetic pole Cf the preface to C Neumann s I)%e magnetxsche 
Dtehmg der Tolmi&aixomehne des Liohtes Halle 1863 
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The gieat investigators who developed the theory of light 
aftei the death of Fresnel devoted considerable attention to 
the optical properties of metals Then researches in this 
diiection must now be reviewed 

The most striking properties of metals are the power of 
brilliantly leflecting light at all angles of mcidence which is 
so well shown by the mirrors of reflecting telescopes, and the 
opacity, which causes a tram of waves to be extinguished before 
it has pioceeded many wave lengths into a metallic medium 
That these two attributes are connected appears probable 
from the fact that ceitain non metallic bodies — eg aniline 
dyes— which strongly absorb the lays in eertam parts of the 
spectrum leflect those rays with almost metallic brilliance 
A third quality in which metals differ from tiansparent bodies 
and which as we shall see is again closely related to the other 
two IS m regard to the polarization of the light reflected from 
them This was first noticed by Malus , and in 1830 Sir David 
Brewster* showed that plane polanzed light incident on a 
metallic suiface remains polarized in the same plane aftei 
reflexion if its polarization is either parallel oi perpendiculai 
to the plane of leflexion but that in other cases the reflected 
light is polarized elliptically 

It was this disco veiy of Brewster s which suggested to the 
mathematicians a theory of metallic reflexion For, as we have 
seen elhptic polarization is obtamed when plane polarized 
light IS totally reflected at the surface of a transparent body , 
and this analogy between the effects of total reflexion and 
metallic reflexion led to the surmise that the latter phono 
menon might be treated in the same way as Fresnel had treated 
the former, namely by intioducmg imaginary quantities into 
the foimulae of ordinary reflexion On these principles mathe- 
matical formulae were devised by MacCullaghf and Cauchy J 

*Phil Trans 1830 

tProc Roy Irish Acad i (1836) p 2 u (1843) p 3,6 Trans Roy Irish 
Acad xviii (1837) p 71 MacCullagh s ^ 7 ( 5 ?^ Woils pp 68 132 230 

t Comptes Eendus vu (1838), p 963 tui (1839) pp 653 668 961 xivi 
(1848) p 86 

N 
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To explain their method we shall suppose the incident 
light to be polarized in the plane of incidence Accoidmg to 
Fresnel s sine law, the amplitude of the light (polarized in this 
way) reflected from a transpaient body is to the amplitude of 
the incident light in the ratio 

j _ sin (^ - r) 
sm (^ + ^ ) 

where % denotes the angle of incidence and r is detei mined fiom 
the equation 

sm z = sin T 

MacCullagh and Cauchy assumed that these equations hold good 
also for reflexion at a metallic surface, provided the lefi active 
index ih IS replaced by a complex quantity 

ju = say, 

where v and k are to be regarded as two constants chaiactenstic 
of the metal We have therefore 


J - ^ ^ - (jic sm ^)3l - cos ^ 

tan % + tan r {jn — sin* i- cos ^ 

If then we write 


V (1 - K^/ - 1) - sm* ^ ^ 


so that equations definmg TJ and v are obtained by equating 
separately the real and the imaginary parts of this equation we 
have 


~ ^ - cos t 
Ue'"^ ~^ + cos z 


and this may be written in the form 


wheie 


U cos^^ - 2 ?7 cos V cos z 
TJ + cos*^ + 2 cos V cos % 
2 ?7 cos ^ sm li 


tan S = 


Z7* - cos ' 
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The quantities J and 8 are interpreted in the same way as 
in Tresnels theory of total reflexion that is, we take j“to 
mean the ratio of the intensities of the reflected and incident 
light, while S measures the change of phase expenenced by 
the hght in reflexion 

The case of light polarized at right angles to the plane of 
incidence may be treated m the same way 

When the incidence is perpendicular U' evidently reduces 
to V (1 + (£*)* and V reduces to - tan k For silver at perpen 

dieulai mcidence almost all the light is reflected so ^"*18 nearly 
umty this requires cos v to be small and k to be very large 
The extreme case in which k is mdefimtely great but v indefinitely 
small, so that the quasi mdex of refraction is a pure imagmary 
IS generally known as the case of ideal silver 

The physical significance of the two constants v and k was 
more or less distmctly indicated by Cauchy, in fact as the 
difference between metals and transparent bodies depends on 
the constant k it is evident that k must in some way measure 
the opacity of the substance This will be more clearly seen if 
we inquire how the elastic sohd theory of light can be extended 
so as to provide a physical basis for the formulae of MacOullagh 
and Cauchy* The sine formula of Iresiiel, which was the 
starting pomt of our investigation of metallic reflexion, is a 
consequence of Green s elastic sohd theory and the differences 
between Greens results and those which we have derived arise 
solely from the complex value which we have assumed for ^ 
We have therefore to modify Greens theory m such a way as 
to obtam a complex value for the index of refraction 

Take the plane of incidence as plane of tmj, and the metallic 
surface as plane of yz If the light is polarized in the plane of 
incidence, so that the hght vector is parallel to the axis of z 
the incident hght may be taken to be a function of the 
argument 

cuiu ly ct 

* This was done by Lord Rayleigh Phil xlm (1872) p 321 
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here % denotes the angle of incidence p the inertia of the aether^, 
and % its rigidity 

Let the reflected light be a function of the aigiuueiit 
a^x + + cif 


where in order to secure continui**y at the bouiidaiy h and g 
must have the same values as before Since G-ieen s foimulae 
are to be still applicable we must have 

CLx 

= cot 9 

0 


wheie sin^ = ii sin 9 but fx has now a complex value 
equation may be written in the form 


This 


+ V : 


% 


Let the complex value of fi be written 


1, 

P 

the real part being written pi/p in order to exhibit the analogs 
with Gieen s theory of transparent media then we have 


11/ n 

But an equation of this kind must (as in Gieen s theoiy) 
represent the condition to be satisfied in ordei that the 
quantity 

+ h]/ + ce) \/~ 


may satisfy the differential equation of motion of the aethei , 
from which we see that the equation of motion of the aethti 
m the metallic medium is piobably of the form 


. den 


■ n 


d e 

* 9y 


dt^ ' dt 

This equation of motion differs from that of a Gieenian 
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elastic solid by reason of the occurrence of the term in de jdt 
But this IS evidently a viscous term, representing something 
like a frictional dissipation of the energy of luminous vibra 
tions a dissipation which in fact, occasions the opacity of the 
metal Thus the term which expresses opacity in the equation 
of motion of the luminifeious medium appears as the origin of the 
peculiarities of metallic reflexion * It is curious to notice how 
closely this accords with the idea of Huygens, that metals are 
characterized by the presence of soft particles which aamp the 
vibrations of light 

There is however one great difficulty attending this 
explanation of metallic reflexion which was first pointed out by 
Lord Eayleigh"!* We have seen that for ideal silver is real 
and negative and therefoie A must be zero and pi negative , 
that 18 to say, the inertia of the luminiferous medium in the 
metal must be negative This seems to destroy entiiely the 
physical intelligibility of the theory as applied to the case of 
ideal silver 

The difficulty is a deep seated one, and was not oveicome 
for many years The diiection in which the true solution lies 
will suggest itself when we consider the resemblance which 
has already been noticed between metals and those substances 
which show suiface colour^— eg the aniline dyes In the 
case of the latter substances, the light which is so copiously 
reflected from them lies within a restricted part of the spec ti urn , 
and it therefore seems probable that the phenomenon is not 
to be attiibuted to the existence of dissipative terms, but that 
it belongs rather to the same class of efiects as dispersion, 
and IS to be leferred to the same causes In fact, dispersion 
means that the value of the lefractive index of a substance 
with respect to any kind of light depends on the period of 
the light, and we have only to suppose that the physical 
causes which operate in dispersion cause the refractive index 

* It IS easily seen that the amplitude is reduced by the factor 6 swk i,en light 
ftiavels one 'wave length in the metal k is generally called the coefficient of 
Msoiption 
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to become imaginary for certain kinds of light in order to 
explain satisfactorily both the surface colours of the aniline 
dyes and the strong reflecting powers of the metals 

Dispersion was the subject of several memoirs by the 
founders of the elastic solid theory So early as 18 10 Cauehj s 
attention was directed* to the possibility of constructing a 
mathematical theory of this phenomenon on the basis of 
Fresnel s Hypothesis of 1 inite Impacts "f— i e the assumption 
that the radius of action of one particle of the lummifeious 
medium on its neighbours is so large ao to be comparable with 
the wave length of light Cauchy supposed the medium to 
be formed as in Haviers theory of elastic solids of a system 
of pomt centres of force the force between two of these 
pomt centres, m at (a y, z) and yi* at (a + Aa; y + Ay, 2 + As) 
may be denoted bv inyfir), where i denotes the distance between 
m and // When this medium is disturbed by light waves pio 
pagated parallel to the z axis the displacement being parallel 
to the X axis the equation of motion of m is evidentlj 

jh +/>) ^ 

Oo ^ 5 + /O 

where I denotes the displacement of w (g ■+ A?) the displace- 
ment of n and (i + the new value of i Substituting for p its 
value and retaining only terms of the farst degree in A?, this 
equation becomes ^ 


How by Taylor s theorem since ? depends only on z we have 

Substitutmg and remembeimg that summations which 
mvolve odd powers of As must vanish when taken over all 

® dispersion de la lumitre, ' 

Jfouv £xerc%eei Math 1836 /cf ^ 
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the point centres within the sphere of influence of m we obtain 
an equition of the form 




03 * ^ 03 * ^ 


0,6 


+ 


where a /3 7 denote constants 

Each successive term on the right hand side of this equation 
imolves an additional factor (Az) /A* as compaied with the pre 
ceding teim where A denotes the wave length of the light so 
if the ladii of influence of the point centres were indefinitely 
small in comparison with the wave length of the light, the 
equation would reduce to 

dt^ “03 


which IS the ordinary equation of wave propagation in one 
dimension in non dispersive media But if the medium is so 
coarse grained that A is not large compaied with the ladii of 
influence we must retain the higher derivates of ? Suhsti 
tuting 


in the difteiential equation with these higher derivates retained 
we have 



which shows that the velocity of the light in the medium 
depends on the wave-length A , as it should do in older to 
explain dispersion 

Dispersion is, then according to the view of Fresnel and 
Cauchy a consequence of the coarse-grainedness ot the medium 
Since the luminiferous medium was found to be dispersive only 
Within material bodies it seemed natural to suppose that in 
these bodies the aether is loaded by the molecules of matter 
and that dispersion depends essentially on the ratio of the 
wave length to the distance between adjacent mateiial molecules 
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This theory, in one modification or another held its ground 
until forty years later it was overthrown by the facts of 
anomalous dispersion 

The distinction between aether and ponderable matter was 
more defimtely drawn in memoirs which were published 
independently m 1841-2 by F E Neumann* and Matthew 

rien f These authors supposed the ponderable particles to 
remain sensibly at rest while the aether surges round them and 
IS acted on by them with forces which are proportional to its 

displacement ThusJ the equation of motion of the aether 
becomes 


^ ® ~ curl curl e - Ce 

where C denotes a constant on which the phenomena of dis- 
persion depend For polarized plane waves propagated parallel 
to the axis of x, this equation becomes 



an equation which expresses the dependence of the velocity on 
tne period 

The attempt to represent the properties of the aether by 

■n-iT ^ ^ ® sohd lost some of its interest after the 
nse ot the electromagnetic theory of light But in 1867, 


tTri ZweiterTeil p i 

T ir^ Camb Phu Soc vu (1342), „ 357 

+ 0 Bnen loo oit , §§ 15, 28 


Beilin 1843 
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before the electromagnetic hypothesis had attracted much 
attention an elastic solid theory in many respects preferable 
to its predecessors was presented to the French Academy* by 
Joseph Boiissinesq (& 1842) Until this time as we have 
seen investigators had been divided into two parties accoiding 
as they attributed the optical properties of different bodies to 
variations in the inertia of the luminiferous medium oi to 
variations in its elastic properties Boussinesq taking up a 
position apart from both these schools assumed that the aether 
IS exactly the same in all material bodies as in interplanetary 
space in regard both to inertia and to rigidity and that the 
optical properties of matter aie due to interaction between the 
aether and the material particles as had been imagined more or 
less by Neumann and 0 Brien These material particles he 
supposed to be disseminated in the aether in much the same 
way as dust particles floating in the air 

If e denote the displacement at the point (a? y z) in the 
aether and e' the displacement of the ponderable particles 
at the same place the equation of motion of the aether is 

= -(* + ^) grad dive + - Pi 1^, ( 1 ) 

where p and denote the densities of the aether and matter 
respectively and h n denote as usual the elastic constants 
of the aether This differs from the ordinary Cauchy G-reen 
equation only in the presence of the term pid^e'ldf which 
represents the effect of the inertia of the matter To this 
equation we must adjoin another expressing the connexion 
between the displacements of the matter and of the aether 
if we assume that these are simply proportional to each 
other — say 

e = Ae (2) 

* Journal de Math (2) xiii (1868) pp 313 42o cf also Comptes Eendus, 
cxvii (1893) pp 80 139 193 Equations kindied to some of those of Boussmesq 
weie afterwaids deduced by Kail Pearson Pioc Lond Math Soc xx (1889), 
p 297, fiom the hypothesis that the strain energy involves the velocities 
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where the constant A depends on the nature of the pondeiable 
body — our equation becomes 
d e 

{p + piA) — = -(k + ^oi) grad div e + 

which IS essentiall} the same equation as is obtained in those 
older theories which suppose the mertia of the luminiferous 
medium to vary fiom one medium to another So far there 
would seem to be nothing very new in Boussinesq s woik But 
when we proceed to consider crystal optics dispersion and 
rotatory polarization the advantage of his method becomes 

evident he retains equation (1) as a formula universally true 

at any rate for bodies at rest— while equation (2) is varied 
to suit the circumstances of the case Thus dispersion can be 
explained if instead of equation (2) we take the relation 

e = - DVH 

where U is a constant which measures the dispeisne power of 
the substance the rotation of the plane of polarization of sugar 
solutions can be explained if we suppose that in these bodies 
equation (2) is replaced by 

e = Ae + B curl e 

where £ is a constant which measures the rotatory power , and 
the optical properties of crystals can be explained if we suppose 
that for them equation (2) is to be replaced by the equations 

ej = AiBx By = Aify, c' <= AiC 

When these values for the components of e are substituted 
m equation (1) we evidently obtain the same formulae as weie 
derived from the Stokes Bankine Eayleigh hypothesis of inertia 
different in different directions in a crystal, to which Boussinesq s 
theory of crystal optics is practically eqmvalent 

The optical properties of bodies in motion may be accounted 
for by modifying equation (1) so that it takes the form 
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'where w denotes the velocity of the ponderable body If the 
body IS an ordinal y isotropic one and if we consider light 
propagated paiallel to the axis of s in a medium moving in 
that direction the light vector being parallel to the axis of x 
the equation reduces to 



substituting 

Vt) 

where V denotes the velocity of piopagation of hght in the 
medium estimated with reference to the fixed aether we obtain 
for V the value 

( Y + ^ 

\p + piAj p + piA 

The absolute velocity of light is therefoie increased by the 
amount pxAioJ^p + p^A) owmg to the motion of the medium , 
and this may be written {p - 1) wlp where p denotes the 
refractive index , so that Boussinesq s theoiy leads to the same 
formula as had been given half a century previously by Fresnel * 
It is Boussinesq s merit to have clearly asserted that all 
space, both within and without ponderable bodies is occupied 
by one identical aether the same everywhere both in inertia 
and elasticity, and that all aethereal processes are to be re 
presented by two kinds of equations of which one kind expresses 
the invariable equations of motion of the aether while the other 
kind expi esses the interaction between aether and matter 
Many yeais afterwards these ideas were revived in connexion 
with the electromagnetic theory m the modern forms of which 
they are indeed of fundamental importance 


^ Of p lit/ qq 
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FARADAY 

Towards the end of the yeai 1812, Davy leceived a lettez iii 
which the writer a bookbinder s journeyman named Michael 
Paraday expressed a desne to escape from tiade and obtain 
employment in a scientific laboratory With the letter was 
enclosed a neatly written copy of notes which the young man 
—he was twenty one years of age— had made of Davy s own 
public lectures The great chemist replied courteously, and 
arranged an interview, at which he learnt that his coi respon- 
dent had educated himself by reading the volmnes which came 
into his hands for binding There were two, Faraday 
wiote later ‘that especially helped me, the ‘Encyclopaedia 
Biitannica ’ rrom which I gained my first notions of electricity 
and Mrs Marcets Conversations on Chemistry, which aave 
me my foundation in that science Already, before his applica- 
tion to Davy he had performed a number of chemical 
experiments and had made for himself a voltaic pile with 
which he had decomposed several compound bodies 

At Davys recommendation Earaday was in the following 
spiing appointed to a post in the laboratory of the Eoyal 
Institution which had been estabhshed at the close of the 
eighteenth century under the auspices of Count Eumfoid , and 
here he remained for the whole of his active life first as 
assj^t^t then as director of the laboratory, and from 1833 

folded^:: ^ 

For many years Faraday was directly under Davy s influence, 
and was occupied chiefly in chemical investigations But m 
18-1, when the new field of inquiry opened by Oersteds 
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discovery was attracting attention he wrote an Hutwical 
Sketch of Electro Magreeti^m, * as a preparation for which he 
carefully repeated the experiments described by the wiiters he 
was reviewing , and this seems to have been the beginning of 
the researches to which his fame is chiefly due 

The memoir which stands first in the pubhshed volumes of 
Taradays electrical workf was communicated to the Eoyal 
Society on November 24th 1831 The investigation was 
mspired as he tells us by the hope of discovering analogies 
between the behaviour of electricity as observed m motion in 
currents, and the behaviour of electricity at rest on conductors 
Static electricity was known to possess the power of induction 
— 1 e of causmg an opposite electrical state on bodies m its 
neighbourhood , was it not possible that electric currents nught 
show a similar property ? The idea at first was that if m any 
circuit a current were made to flow any adjacent circuit would 
be tiaversed by an induced current which would peisist exactly 
as long as the mducmg current Faraday found that this was 
not the case , a current was indeed induced but it lasted only 
for an mstant being m fact perceived only when the primary 
current was started or stopped It depended as he soon 
convmced himself not on the mere existence of the inducing 
current but on its variation 

Faiaday now set himself to deternune the laws of induction 
of currents and for this purpose devised a new way of repre 
senting the state of a magnetic field Philosopheis had been 
long accustomed? to illustrate magnetic power by strewmg iron 
fihngs on a sheet of paper and observmg the curves m which 
they dispose themselves when a magnet is brought underneath 

* Pablished in Annals of Philosophy ii (I8‘’l) pp 195 274 ui (1822) 

p 107 

\ Bxponmental Pesearches in Electricity by Michael Paiaday 3 vols 

X The practice goes hack at least as far as Niccolo Cabeo indeed the curves 
traced by Petrus Peregnnus on his globular lodestone (of p 8) were projections 
of lines of force Among eighteenth centuiy writers La Hire mentions the use of 
iron fihngs M6m de 1 Acad 171/ Faraday had refeued to them in his electro 
magnetic paper of 1821 JSxp Res u, p 12/ 
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Th6S6 curv6s suggestod to 1? a/raday* tli6 idoa of Iitics of TyicujTiGt'io 
force or curves whose diiectioii at every point coincides with 
the direction of the magnetic intensity at that point the 
curves in which the iron filings arrange themsehes on the 
paper resemble these curves so far as is possible subject to the 
condition of not leaving the plane of the paper 

With these hues of magnetic force JFaraday conceived all 
space to be filled Every Ime of force is a closed cuii e, which 
in some part of its course passes through the magnet to which 
it belongs t Hence if anj small closed curve he taken m space 
the lines of force which mtersect this cuive must foim a 
tubulai surface returning into itself such a suiface is called a 
iiihe of force From a tube of force we may derive information 

not only regardmg the direction of the magnetic intensitj 
hut also regardmg its magnitude, for the product of this 
magnitudej and the cross section of any tube is constant along 
the entire length of the tube^ On the basis of this lesult 
Faraday conceived the idea of partitionmg all space into 
compartments by tubes each tube bemg such that this product 
has the same definite value For simphcity, each of these 
tubes may be called a unit line of force , the strength of 
the field is then indicated by the sepaiation or concentiation of 
the unit Imes of force || so that the number of them which 
intersect a unit area placed at right angles to their direction 

# They were first defined §114 By magnetic curves I mean 

the lines of magnetic forces however modified by the juxtaposition of poles 
which could be depicted by iron filings oi those to which a very small magnetic 
needle would form a tangent 
Ites 111 p 406 

t Within the substance of magnetized bodies ^e must in this connexion under 
stand the magnetic intensity to be that experienced m acievice whose sides are 
perpendicular to the lines of magnetization in other words we must take it to be 
what since Maxwell s time has been called the magnetic induction 

^ theorem was fiist proved by the French geometer 

Michel Chasles in his memoir on the attraction of an ellipsoidal sheet Journal 
de 1 Ecole Polyt xv (1837), p ^66 

II Ihid \ 3P2 The lelative amount of force or of lines of force in a 
given space is indicated by then concenti ition or bepaiation — i e by their numbei 
in that space 
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at any point measures the intensity of the magnetic field at 
that point 

Faiaday constantly thought in terms of lines of force 
I cannot lefrain he wrote in 1851 * fiom again e\piessing 
my conviction of the tiuthfulness of the lepiesentation which 
the idea of lines of force affords in regard to magnetic action 
All the points which are expeiimentally established in legard 
to that action — 1 e all that is not hypothetical — appeal to be well 
and tiuly repiesented by it f 

iaiaday found that a current is induced in a ciicuit either 
when the strength of an adjacent euirent is alteied oi when a 
magnet ib brought near to the circuit oi when the ciicuit itself 
IS moved about in presence of another current oi a magnet 
He saw from the firstj that in all eases the induction depends 
on the relati\e motion of the circuit and the Imes of magnetic 
force in its vicinity The precise nature of this dependence 
was the subject of long continued further expeiiments In 
1832 he found^ that the currents produced by induction under 
the same circumstances in different wiies are propoitional to 
the conducting powers of the wires — a lesult which showed 
that the induction consists in the production of a definite 
electromotive force independent of the nature of the wiie and 
dependent only on the intersections of the wire and the 
magnetic curves This electromotive force is produced whether 
the wire forms a closed circuit (so that a current flows) or is 
open (so that electric tension results) 

All that now remained was to inquire in what way the 
eleetromoti\e force depends on the relative motion of the wire 
and the hues of force The answer to this inquiry is in 

^ Bxp Res § 3174 

t Some of Faraday s most distinguished contempoiaries were far fiom shaiing 
this conviction I declare wiote Sii George 4jLry in 1855 that I can haidly 
imagine anyone who piactically and numerically knows this agieenient between 
observation and the results of calculation based on action at a distance to hesitate 
an instant in the clioice between this simple and precise action on the one hand 
and anything so \agiie and vaiying as lines of force on the otbei hand Cf 
Bence Jones s life of Fm a day ii p 353 
X JOxp Res § 116 


§ Ibid § 21o 



Faraday 

Faiaday s owa words * that whether the wire moves diiectly or 
obliquely across the lines of force in one direction or another it 
sums up the amount of the forces represented by the hues it 
has crossed so that the quantity of electricity thrown into a 
current is directly as the number of curves intersected f Ihe 
induced electromotive force is in fact simply proportional to 
the numbei of the unit lines of magnetic force intersected by 
the wire per second 

This IS the fundamental principle of the induction of 
currents Faraday is undoubtedly entitled to the full honoui 
of its discovery , but for a right understandmg of the progress 
of electrical theory at this period it is necessary to lemembei 
that many years elapsed before all the conceptions involved in 
Faradays prmciple became clear and familiar to his contem- 
poiaiies , and that m the meantime the problem of foimulatiiig 
the laws of mduced cunents was approached with success fiom 
other points of view There were indeed many obstacles to the 
direct appropriation of laradays work by the mathematical 
physicists of his own generation, not bemg himself a matlie 
matician he was unable to address them in their own language 
and his favounte mode of representation by moving lines of 
force repelled analysts who had been trained in the school of 
Laplace and Poisson Moreover the idea of electromotive force 
itself which had been applied to currents a few years previously 
m Ohms memoir was as we have seen still involved in 
obscunty and misapprehension 

A curious question which arose out of Faradays theory 
was whether a bar magnet which is rotated on its own axis 
carries its lines of magnetic force in rotation with it Faraday 
himself believed that the Imes of force do not rotate J on this 
view a revolving magnet like the earth is to be regarded as 
moving through its own lines of force so that it must become 
charged at the equator and poles with electricity of opposite 
signs , and if a wire not partalang in the earth’s rotation were 
to have sliding contact with the earth at a pole and at the 

§ 3082 §3116 JJW § 3090 
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equatoi a current would steadily flow through it Experiments 
confiimatory of these views were made by Faraday himself * 
but they do not strictly prove his hypothesis that the lines of 
foice remain at lest , foi it is easily seenf that if they were to 
rotate that pait of the electromotive foice which would be 
produced by their rotation would be deiii able from a potential 
and so would pioduceno effect in closed circuits such as Faraday 
used 


Three years after the commencement of Faraday s researches 
on induced currents he was led to an important extension of 
them by an observation which was communicated to him by 
anothei worker William Jenkin had noticed that an 
electric shock may be obtained with no more powerful source of 
electricity than a single cell provided the wire through which 
the current passes is long and coiled , the shock being felt when 
contact IS biokenj As Jenkni did not choose to investigate 
the matter further, Faraday took it up and showedg that the 
powerful momentary current which was observed when the 
circuit was inteirupted was really an induced current governed 
by the same laws as all other induced currents but with this 
peculiarity that the induced and induemg cun cuts now flowed 
in the same circuit In fact the cm rent in its steady state 
establishes in the surrounding region a magnetic held whose 
lines of force are linked with the ciicuit, and the removal of 
these hues of force when the circuit is broken originates an 
induced cuiient which greatly reinforces the primary current 
lust before its final extinction To this phenomenon the name 
of Bdf ind'iLcUon has been given 

The ciicumstances attending the discovery of self-induetiou 


Exp Ees §§ 218 3109 &c 

^ S Tolver Preston Phil Miw xix 

(1886) p 131 In 1891 S 1 Pieston Phil Mag xxxi p 100 designed a crucial 
experiment to test the question but it was not tried for want of a suffloientlv 
deUcate electrometer ^ 

t A similar o8aem.tion had been made hj Henry and published in the Amer 
Jour Sci XXII (1832) p 408 The spark at the rupture of a spirally wound 
circuit had been often observed eg by Pouillet and JTobili 
§ Exp Ees § 1048 
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occasioned a comment from Faraday on the number of sugges- 
tions which were continually being laid befoie him He re- 
maiked that although at different times a laige niunbei of 
authors had presented him with their ideas, this ease of 
Jenkin was the only one in which any result had followed 
The volunteers are serious embarrassments generallj to the 
experienced philosopher * 

The discoveries of Oeisted Ampere and Faiaday had shown 
the close connexion of magnetic with electiic science But the 
connexion of the different branches of electiic science with 
each other was still not altogether clear Although Wollaston s 
experiments of 1801 had in effect proved the identity in kind 
of the currents derived from frictional and voltaic souices the 
question was still regarded as open thirty yeais afteiwaidsf no 
satisfactory explanation being foithcoming of the fact that 
frictional electricity appeared to be a surface phenomenon, 
whereas voltaic electricity was conducted within the inteiior 
substance of bodies To this question Faraday now applied him- 
self , and in 1833 he succeededj in showing that every known 
effect of electricity — physiological magnetic luminous calorific, 
chemical and mechanical — ^may be obtained inditfeiently either 
with the electricity which is obtained by friction oi with that 
obtained from a voltaic battery Henceforth the identity of the 
two was beyond dispute 

Some misapprehension however has existed among latei 
writers as to the conclusions which may be drawn from this 
identification What Faraday proved is that the piocess which 
goes on in a wire connecting the terminals of a voltaic cell is of 
the same nature as the process which for a short time goes on in 
a wire by which a condenser is discharged He did not prove, 

* Bence Jones s Life of Faraday xi p 45 

tCf John Davy Phil Trans 1832 p 2u9 W Ritchie ihd p 279 Davy 
suggested that the electrical power ‘ according to the analogy of the solar ray 
might he not a simple power but a combination of powers which may occur 
variously associated, and produce all the varieties of electricity w ith which e are 
acquainted 

i Exp Ees , Senes ui 
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•and did not profess to have x^roved that this process consists in 
the actual movement of a quasi substance electricity from one 
plate of the condenser to the other or of two quasi substances 
the resinous and vitreous electricities in opposite directions 
The process had been pictured in this way by many of his 
predecessors notably by V olta , and it has since been so 
pictured by most of his successors but from such assumptions 
Faraday himself carefully abstamed 

What IS common to all theories and is universally conceded 
IS that the late of increase in the total quantity of electrostatic 
charge within any volume element is equal to the excess of the 
‘influx over the efflux of current from it This statement may 
be represented by the equation 




( 1 ) 


where p denotes the volume density of electrostatic charge, 
and 1 the current at the place (£c, y, s) at the tune t Volta’s 
assumption is really one way of mtei preting this equation 
physically it piesents itself when we compare equation (1) 
with the equation 

gf + div (pv) = 0 


which IS the equation of continuity foi a fluid of density p and 
velocity V we may identify the two equations by supposing i 
to be of the same physical natuie as the product pv, and 
this IS precisely what is done by those who accept Volta s 
assumption 

But othei assumptions might be made which would equally 
well furnish physical interpretations to equation (1) For 
instance, it we suppose p to be the conveigence of cmy vector of 
which 1 IS the time flux,* equation (1) is satisfied automaticall-i , 

“ In symbols 


dlV B = - /) 



wheie s denotes the vector m question 

O 2 



196 


paraday 

we can picture this vector as being of the nature of a displace 
ment By such an assumption we should avoid altogethei the 
uecesBity for regarding the conduction cuiient as an actual 
flow of electric charges or for speculating whethei the drifting 
charges are positive or negative , and there would be no longer 
anything surprising in the production of i null effect by the 
coalescence of electric charges of opposite signs 

Baraday himself wished to leave the matter open, and to 
avoid any definite assumption * Perhaps the best indication of 
his views is afforded by a laboratory notef of date 1837 — 

‘ After much consideration of the manner iii which the 
electric forces are arranged m the various phenomena generally, 
I have come to certam conclusions which I will endeavoui to 
note down without committing myself to any opinion as to the 
cause of electricity le as to the nature ot the power If 
electricity exist independently of matter then 1 think that the 
hypothesis of one fluid will not stand against that of two fluids 
There are I think evidently what I may call two elements of 
power, of equal force and actmg toward each other But these 
powers may be distmguished only by diuttwn, and may bt no 
more separate than the north and south forces in the elements 
of a magnetic needle They may be the polar points ot the 
forces origmally placed in the particles of m xtter 

It may be remarked that since the rise of the mathematic al 
theory of electrostatics the controversy between the supportera 
of the one fluid and the two fluid theories had lx come 
mamfestly barren The analytical equations, in winch 
mterest was now largely centred could be interpreted equally 
well on either hypothesis, and there seemed to be little 
prospect of discrimmating between them by any new expeii 
mental discovery But a problem does not lose its fascination 

His pmicipal aim said Helmholtz la the Faraday Lecture of 1881 
was to express in his new conceptions only facts with the least possible use of 
hypothetical substances and forces This was really a progress in general 
scientific method destined to purify science from the last remains of xneta 
physics 

t Bence Jones s Life of Faraday^ u, p 77 
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‘because it appeals insoluble “I said once to Faiaday wrote 
Stokes to his father in law in 1879, as I sat beside him at a 
British Association dinner that I thought a great step would 
be made when we should be able to say of electricity that 
which we say of light in saying that it consists of undula^ 
tions He said to me he thought we were a long way off that 
yet * 

For his next senes of reseaiehes t Faraday reverted to 
subjects which had been among the first to attract him as an 
apprentice attending Davy s lectures the voltaic pile and the 
relations of electricity to chemistry 

It was at this time generally supposed that the decomposi 
tioii of a solution, through which an electric cuirent is passed, 
IS due piimaiily to attractive and lepellent forces exercised on 
its molecules by the metallic termmals at which the current 
enters and leaves the solution Such forces had been assumed 
both m the hypothesis of Grothuss and Davy and in the iival 
hypothesis of De La Hive the chief difference between these 
being that whereas Giothuss and Davy supposed a chain of 
decompositions and recompositions in the liquid De La Rive 
supposed the molecules adjacent to the teiminals to be the 
only ones decomposed, and attiibuted to their fragments the 
power of travelling thiough the liquid fiom one terminal to the 
other 

To test this doctiine of the influence of terminals, Faraday 
moistened a piece of paper in a saline solution and supported 
it in the an on wax, so as to occupy part of the interval 
between two needle points which were connected with an 
electiic machine When the machine was worked, the current 
was conveyed between the needle points by way of the 
moistened papei and the two air intervals on either side of it , 
and under these circumstances it was found that the salt under- 
went decomposition Since m this case no metallic terminals of 
any kind were in contact with the solution, it was evident that 

* Stokes 3 Co vol i, p 363 

fExp Ees §460 (1833) 
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all hypotheses which attributed decomposition to the action of 
the terminals were untenable 

The ground being thus cleared by the demolition of preMous 
theories Taraday was at liberty to construct a theory of his. 
own He retained one of the ideas of Grothuss and Davy s 
doetrme namely that a chain of decompositions and recombi 
nations tales place in the iK^uid , but these moleculai processes 
he attributed not to any action of the terminals but to a powei 
possessed by the electric curient itself at all places iii its 
course through the solution If as an example we considei 
neighbourmg molecules A B C D of the compound — say 
water which was at that time believed to be directly decoin 
posed bv the current— Faraday supposed that before the 
passage of the current the hydrogen of A would be in close 
union with the oxygen of -4, and also in a less close relation with 
the oxygen atoms oi B C I) these latter relations being 

conjectured to be the cause of the attraction of aggregation m 
solids and fluids * When an electric current is sent thiough the 
liquid the affinity of the hydrogen of A for the oxygen of B is 
strengthened if A and B he along the direction of the current ^ 
while the hydrogen of A withdraws some of its bonds from the 
oxygen of A with which it is at the moment combined So 
long as the hydrogen and oxygen of A lemain in association 
the state thus induced is merely one of polarization , but the 
compound molecule is unable to stand the strain thus imposed 
on it and the hydrogen and oxygen of A part company tiom 
each other Thus decompositions take place followed b} 
recombmations with the result that after each exchange an 
atom associates itself with a paitner nearei to the 
positive terminal, while a hydrogen atom associates with a 
partner nearer to the negative terminal 

This theory explains why in all ordmary cases the evolved 
substances appear only at the terminals , for the terminals aic 
the hmitmg surfaces of the decomposing substance and, except 
at them every particle finds other particles having a contrary 

^!Exp JRes 5 623 
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tendency with which it can combine It also explains why in 
numerous cases the atoms of the evolved substances are not 
retained by the terminals (an obvious difficulty in the way of 
all theoiits which suppose the terminals to attract the atoms) 
for the evolved substances aie expelled from the liquid not 
diawn out bv an attraction 

Man} of the perplexities which had harassed the older 
theories weie at once removed when the phenomena were re 
gaided fiom Faradays point of view Thus mere mixtures (as 
opposed to chemical compounds) are not separated into their 
constituents by the electric euirent , although there would seem 
to be no leason why the Grothuss Davy polar attraction should 
not operate as well on elements contained in mixtures as on 
elements contained in compounds 

In the latter part of the same year (18 Jo) laraday took up 
the subject again * It was at this time that he introduced the 
teims which ha\e ever since been generally used to describe 
the phenomena of electro chemical decomposition To the 
teiminals by which the electric current passes into or out of the 
decompobiiig body he gave the name dcat'i odes The electrode 
of high potential at which oxygen chlorine acids, &c are 
evolved he called the anode and the electrode of low potential 
at which metals alkalis and bases are evolved, the cathode 
Those bodies which are decomposed directly by the current 
he named elect i olytes , the parts into which they are decomposed> 
%ons, the acid ions which tiavel to the anode he named amons, 
and the metallic ions which pass to the cathode cat^oois 

Faiaday now pioceeded to test the truth of a supposition 
which he had published rather more than a year previously f 
and which indeed had apparently been suspected by Gay Lussac 
and ThenaidJ so early as 1811, namely that the rate at which 
an electrolyte is decomposed depends solely on the intensity of 
the electiic current passing through it, and not at all on the 
size of the electrodes or the strength of the solution Having 
^ T>xp Jtes § 661 f Ibid § 377 (Dec 1832) 

Jiechci dm physico ehimiqiies fa%tes 8X1) la p%U Pans 1811 p 12 
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establislied the accuracy of this law * he found by a comparison 
of different electrolytes that the mass of any ion liberated by 
a given quantity of electricity is piopoitional to its chemical 
cquwalent^ le to the amount of it requiied to combine with 
some standard mass of some standard element If an element 
IS % valent, so that one of its atoms can hold m combination 
n atoms of hydrogen, the chemical equivalent of this element 
may be taken to be 1/^ of its atomic weight, and therefore 
Faraday s result may be expressed by saying that an electric 
current will hberate exactly one atom of the element in 
question in the time which it would take to liberate n atoms 
of hydrogen f 

The quantitative law seemed to Faradayf to indicate that 
the atoms of matter are in some way endowed or associated 
with electrical powers to which they owe then most striking 
qualities and amongst them their mutual chemical aftmitj 
Lookmg at the facts of electrolytic decomposition from this 
pomt Of view he showed how natural it is to suppose that 
the electricity which passes through the electrolj te is the exact 
equivalent of that which is possessed by the atoms separated at 
the electrodes, which implies that tlwe is a certain absolute 
quantity of the electric power associcuted with each atom of 
mattei 

The claims of this splendid speculation he advocated with 
conviction The harmony he wrote § * which it intioduces 
mto the associated theories of defimte proportions and electro- 
ehenncal affinity is very great According to it the equivalent 
weights of bodies are simply those quantities of them which 
contain equal quantities of electricity or have naturally equal 
electnc powers, it bemg the eleotkioity which determines the 
equivalent number lecanse it determmes the combining force 
Or if we adopt the atomic theory or phraseology, then the 
^Exp 713-821 

t In the modem units 96o80 coulombs of eleotneity must pass round the 
circmt in order to liberate of each ion a number of grams equal to the quotient of 
the atomic weight by the valency 
t Exp Ees , { 862 
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iitoms of bodies which are equivalent to each other in their 
ordinary chemical action, have equal quantities of electricity 
natuially associated with them But ’ he added I must 
confess I am jealous of the term atowj for though it is very 
easy to talk of atoms it is very difficult to foim a cleai idea 
of their nature especially when compound bodies are under 
consideration 

These discoveries and ideas tended to confirm Faraday in 
preferring among the rival theories of the voltaic cell that one 
to which all his antecedents and connexions predisposed him 
The contioversy between the supporters of Volta s contact 
hypothesis on the one hand and the chemical hypothesis of 
Davy and Wollaston on the other had now been cairied on 
foi a geneiation without any very decisive result In Germany 
and Italy the contact explanation was generally accepted under 
the influence of Chiistian Heinrich Pfaff, of Kiel (5 1773 
d 1852) and of Ohm, and among the younger men of Gustav 
Iheodor lechnei (& 1801 d 1887) of Leipzig* and Stefano 
Maiianini (5 1790 d 1866) of Modena Among French wiiters 
De La Pave of Geneva was as we have seen active in support 
of the chemical hypothesis and this side in the dispute had 
ilways been favouied by the English philosophers 

Theie is no doubt that when two different metals aie put 
in contact, a difference of potential is set up between them 
without any appaieiit chemical action, but while the contact 
piity regarded this as a diiect manifestation of a contact- 
foice distinct in kind from all other known forces of nature 

Johann Clmstian PoggendorfE {i 1796 A 1877) of Beilm for long the editor 
of the Annalen der Physik leaned mginally to the chemical side but in 1838 
became convinced of the tiuth of the contact theoiy which he afterwaids actively 
defended Moritz Hermann Jacobi (5 1801 d 1874) of Doi-pat is also to be 
Mientionea among its advocates 

Faiaday s first series of investigations on this subject vere made in 1834 
Mxp Mes senes viii In 1836 De La Eive followed on the same side with his 
Ttuheiohes sw h Came de I ElecU Voltaxque The views of Faraday andDe La 
Rive were ciiticized by Pfaff Revision der JLehe mm Qalvamsmus Kiel 1837, and 
by Fechnei Ann d Phys xlii (1837), p 481 and xliu (1838), p 433 translated 
Phil Mag xiii (1838) pp 205 367 Faraday returned to the question in 1840, 
Exp Ee& , senes xvi and xvii 
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the chemical paity explained it as a consequence of chemical 
affinity or incipient chemical action between the nietalfo and 
the sunoimding air or moisture There is also no doubt that 
the continued activity of a voltaic cell is always accompanied 
by chemical unions or decompositions , but while the chemical 
party asseited that these constitute the efficient soiuce of the 
current the contact paity regarded them as secondaiy xctions 
and attiibuted the continual circulation of electiicitj to the 
perpetual tendency of the electromotive foicc of contact to 
transfe charge from one substance to anothei 

One of the most active supporters of the chemical thcoiy 
among the English physicists immediatel} piecedmg Fuulay 
was Petei Mark Roget (6 1779 A 1869) to whom are due two 
of the stiongest arguments in its favour In the fiist place 
carefully distmguishing between the qimihty of electiicity put 
mto cnculation by a cell and the tenmn at whicli this electiicit} 
is furnished he showed that the latter quantitj depends on the 
eneigy of the chemical action * — a fact which when taken 
togethei with Faraday s discovery that the quantity of electiicit} 
put into circulation depends on the amount of chemicals con 
sumed places the origin of voltaic activity beyond all question 
Roget s principle was afterwards verified by Faradayf and by 
De La RiveJ , the electiicity of the voltaic pile is proportionate 
m its intensity to the intensity of the affinities concerned in 
its production ’ said the former in 1834, while De La Rive 
wrote m 1836 ^The intensity of the curients developed in 
combinations and in decompositions is exactly piopoitional to 
the degree of affinity which subsists between the atoms whose 
combination or separation has given rise to these currents ^ 

* Ihe absolute quantity of electiicity ^ hich is thub developed imd made to 
circulate will depend upon a variety of circumstances such as the extent of the 
s^faces in cheimcal acUon the facilities aflfoided to its transmission &c But 
Its degree of intensity, or tension as it is often termed will be regulated by other 
taime^ and more especially by the energy of the chemical action Roget s 
Galvanism (1832) § 70 ® 

T Bxp Ites §§ 908 909 916 988 1958 

} Annales de Chim Ixi (1836) p 38 
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Not lesting heie howe\er, Roget brought up auother aigu- 
ment of fai leaching significance If he wrote there could 
exist a power ha\iiig the propeity ascribed to it by the [contact] 
hypothesis namelj that of giving continual impulse to a fluid 
in oiib constant direction without being exhausted by its own 
action it would diffei essentially from all the other known 
poweis in natuie All the powers and sources of motion, with 
the opeiation of which we are acquainted, when pioducing their 
peculiai effects are expended in the same proportion as those 
effects aie produced, and hence arises the impossibility of 
obtaining by then agency a perpetual effect , or in other words 
a peipetiul motion But the electio motive force ascribed by 
^^olta to the metals when in contact is a force which as long 
as i flee course is allowed to the electricity it sets in motion 
IS iievei expended and continues to be exerted with undi 
minished power in the piodiiction of a never ceasing effect 
Against the truth of such a supposition the probabilities are 
all but infinite ’ 

This principle which is little less than the doctrine of 
consei\ation of energy applied to a voltaic cell, was reasserted 
by Faixdiy The process imagined bj the contact school 
^ would he wrote ‘ indeed be a oeaHon of like no other 

force in iiatuie In all known cases energy is not generated 
but only transformed There is no such thing ni the woild as 
* a pine creation of force , a production of power without a 
corresponding exhaustion of something to supply it ’ t 

As time went on each of the rival theories of the cell 
became modified in the direction of the othei The contact 
party admitted the importance of the surfaces at which the 
metals are in contact with the liquid where of couise the chief 
chemical action takes place , and the chemical party confessed 
then inability to explain the state of tension which subsists 
before the circuit is closed without introducing hypotheses just 
as unceitain as that of contact foice 

* Roget a Ga/wMwii (1832) §113 
lies § 2071 (1840) 



204 


Faraday 


Faradays own view on this point* was that a plate of 
amalgamated zmc when placed m dilute sulphuiic acid has 
power so far to act by its attraction for the oi^ygen of the 
particles n contact with it, as to place the similar forces alieady 
active between these and the other particles of oxygen and 
the particles of hydrogen in the water in a peculiar state of 
tension or polaritj and probably also at the same tune to 
throw those of its own particles which are in contact with (he 
water into a similar but opposed state Whilst this state is 
retamed no further change occurs but when it is relieved 
by completion of the eircmt m which case the forces determined 
in opposite directions with respect to the zinc and the electro- 
lyte are found exactly competent to neutralize each othei then 
a series of decompositions and recompositions takes place 
amongst the particles of oxygen and hydrogen which constitute 
the water between the place of contact with the platina and 
the place where the zinc is active these intervening particles 
bemg evidently in close dependence upon and relation to each 
other The zinc forms a direct compound with those particles 
of oxygen which were previously, m divided relation to both 
It and the hydrogen the oxide is removed by the acid, and a 

fresh surface of zinc is presented to the water, to lenew and 
repeat the action 


These ideas weie developed further by the later adherents 
of the chemical theory especially by Faraday s friend Chiistian 
I^edrieh Schonbein,t of Basle (5 1799 d 1868) the discoverer 
of ozone Schonbein made the hypothesis more definite by 
assummg that when the circuit is open the molecules of water 
adjacent to the zinc plate are electrically polarized the oxygen 
side of each molecule being turned towards the zinc and being 
negatively charged, while the hydrogen side is turned away 
from the zmc and is positively charged In the thud quarter 

* j^es § 949 
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of the nineteenth century the general opinion was in favour 
of some such conception as this Helmholtz* attempted to 
grasp the molecular processes more intimately by assuming 
that the different chemical elements have diffeient atti active 
poweis (exerted only at small distances) for the vitreous and 
resinous electricities thus potassium and zmc have stiong 
atti actions for positive charges while oxygen chlorine and 
bromine have strong atti actions for negative electricity This 
differs from Volta s original hypothesis m little else but 
in assuming two electric fluids where Volta assumed only 
one It IS evident that the contact difference of potential 
between two metals may be at once explained by Helmholtz s 
hypothesis as it was by Volta’s , and the activity of the voltaic 
cell may be leferred to the same principles for the two ions 
of which the liquid molecules are composed will also possess 
dijSerent attractive powers for the electricities and may be 
supposed to be united respectively with vitreous and resinous 
charges Thus when two metals axe immersed in the liquid 
the circuit being open the positive ions are attracted to the 
negative metal and the negative ions to the positive metal 
thereby causing a polaiized arrangement of the liquid molecules 
near the metals When the circuit is closed the positively 
charged surface of the positive metal is dissolved into the fluid ^ 
and as the atoms carry their charge with them the positive 
charge on the immersed surface of this metal must be per 
petually renewed by a current flowing in the outer circuit 

It will be seen that Helmholtz did not adhere to Davy’s 
doctrine of the electrical nature of chemical affinity quite as 
simply or closely as Paraday who preferred it in its most diiect 
and uncompromismg form ‘ All the facts show us he wrote t 
‘that that power commonly called chemical affinity can be 
communicated to a distance through the metals and certain 
forms of carbon , that the electric current is only another form 
of the forces of chemical affinity , that its power is in pioportion 
* In hxB celebratea memoir of 1847 on the Conservation of Eneigy 
t JSxp lies 5 918 
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to the chemical af&Eities producing it , that when it is deficient 
m force it may be helped by callmg m chemical aid the want 
in the former being made up by an equivalent of the latter , 
that, in other words the forces termed ehemwal affiniiy and 
electticdy aio one and the same ’ 

In the interval between Faraday’s earlier and later papers 
on the cell some important results on the same subject were 
published by Frederic Daniell (S 1790 d 1845) Professor of 
Chemistry in King’s College London * Daniell showed that 
when a current is passed through a solution of a salt in water 
the ions which carry the current are those derived fiom the salt 
and not the oxygen and hydrogen ions denved from the water , 
this follows since a current divides itself between diffeient mixed 
electrolytes accoidmg to the difficulty of decomposuig each and 
it IS known that pure water can be electrolysed only with great 
difficulty Daniell further showed that the ions aiising from 
(say) sodium sulphate are not represented by KajO and &O 3 , but 
by Na and SO4, and that m such a case as this sulphuric acid 
IS formed at the anode and soda at the cathode by secondary 
action, givmg rise to the observed evolution of oxygen and 
hydrogen respectively at these terminals 

The researches of Faraday on the decomposition of chemical 
compounds placed between electrodes mamtamed at difterent 
potentials led him in 1837 to reflect on the behaviour of such 
substances as oil of turpentme or sulphur when placed in the 
same Situation These bodies do not conduct electricity and 
are not decomposed , but if the metalhc faces of a condensei 
are maintained at a definite potential difference, and if the 
space between them is occupied by one of these insulating 
substances it is found that the charge on either face depends 
on the nature of the insulating substance If for any particular 
insulator the charge has a value times the value which it 
would have if the intervening body were air the number c 
may be regarded as a measure of the mfluence which the 
insulator exerts on the propagation of electrostatic action 

• Pliil Trans , 1839 p 97 
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through it it was called by Faraday the specvfic vtidmUw 
mjxicity of the insulator* 

The discovery of this property of insulating substances or 
dwlect'i%cs raised the question as to whether it could be 
harmonized with the old ideas of electrostatic action Consider 
for example, the force of attraction or repulsion between two 
small electrically charged bodies So long as they are in air 
the force is proportional to the mverse square of the distance , 
but if the medium m which they are immersed be partly 
changed— e g if a globe of sulphur be mserted m the intervenmg 
space— this law is no longer vahd the change m the dielectric 
affects the distiibution of electric intensity throughout the 
entile field 

The problem could be satisfactorily solved only by formmg 
a physical conception of the action of dielectrics and such a 
conception Faiaday now put forward 

The original idea had been promulgated long before by his 
master Davy Davy it will be remembered t in his explanation 
of the voltaic pile had supposed that at first before chemical 
decompositions take place the liquid plays a part analogous to 
that of the glass in a Leyden jar and that in this is involi edan 
electric polarization of the liquid molecules J This hypothesis 
was now developed by Faraday Deferring first to his own work 
on electrolysis he asserted§ that the behaviour of a dielectric is 
exactly the same as that of an electrolyte up to the point at 
which the electrolyte bieaks down under the electric stress , a 
dielectric being in fact, a body which is capable of sustaining 
the stress without suffering decomposition 

For he argued |1 let the electrolyte be water a plate of 
ice bemg coated with platina foil on its two surfaces and these 

* Xhip Jk § 1262 (1837) Cavendish had discovered specific inductive capacity 
long before but his papers were still unpubhshed 
t Of p 77 

X This IS expressly stated in Davy s JElemenis of Ghemieal JPhilosophy (1812) 
Div 1 § 7 V heie he lays it down that an essential property of non conductors 
IS to receive electrical polarities 

§JExp JRe^, §§1164 1338, 1343 1621 
II JSpsp lies § 1164 
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coatings connected \^ith any continued source of the two 
electrical powers the lee willchaige like a Leyden an angeiuent 
presenting a case of common induction but no current will pass 
If the ice be hquefied the induction will now fall to a ceitain 
degree because a current can now pass , but its passing is 
dependent upon a ^ecuhar moleculm m i angement of the pai tides 
consistent with the transfer of the elements of the electiolyte in 
opposite directions As therefore in the electrolytic action 
%ndvct%07b appeared to bethej?'?s^ step and decomposition the sc( on d 
(the power of separating these steps from each othei by giving 
the solid or fluid condition to the electrolyte being in our hands) , 
as the induction was the same m its nature as that through air 
glass wax &c produced by any of the ordinary means , and as 
the whole effect in the electrolyte appeared to be an action of 
the particles thrown into a pecuhar or polarized state I was 
glad to suspect that common mduction itself was in all cases an 
action of contiguous pan tides and that electiical action at a 
distance (le ordinary inductive action) never occuried except 
through the mfluence of the intervenmg matter 

Thus at the root of Faradays conception of electiostatic 
mduction lay this idea that the whole of the insulating medium 
through which the action takes place is in a state of polaii/ation 
similar to that which precedes decomposition iii an electiolyte 
® Insulators he wrote* “may be said to be bodies whose 
particles can retain the polarized state whilst conductors are 
those whose particles cannot be permanently polaiized ' 

The conception which he at this time entertained of the 
polarization may be reconstructed from what he had ahoady 
written concermng electrolytes He supposedf that in the 
ordmary or unpolarized condition of a body, the molecules con- 
sist of atoms which are bound to each other by the forces of 
chemical affimty these forces bemg leally electrical in then 
nature , and that the same forces are exerted though to a less 

I 

* Exp Res § 1338 

t Ths must not be taken to be more tlian an idea whicb Pai-aday mentioned as 
piesent to bis nund He declined as yet to formulate a definite hypothesis 
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degiee between atoms which belong to dilferent molecules 
thus producing the phenomena of cohesion When an electric 
field IS set up a change takes place in the distribution of these 
forces , some are strengthened and some are weakened the 
effect being symmetrical about the direction of the apphed 
electric force 

Such a polarized condition acquired by a dielectnc when 
placed m an electric field presents an evident analogy to the 
condition of magnetic polarization which is acquired by a T»ggs 
of soft iron when placed in a magnetic field, and it was there 
foie natuial that m discussing the matter Faraday should 
introduce Ivrm of dednc force, similar to the lines of magnetic 
foice which he had employed so successfully in his previous 
lesearches A line of electric force he defined to be a curve 
whose tangent at every pomt has the same direction as the 
electiic mtensity 

The changes which take place m an electric field when the 
dielectric is varied may be very simply described m terms of 
Imes of force Thus if a mass of sulphur or other substance of 
high specific mductive capacity is introduced into the field, 
the effect is as if the hnes of force tend to crowd into it as 
W Thomson (Kelvm) showed later they are altered in the 
same way as the lines of fiow of heat m a case of steady con 
duction of heat, would be altered by mtroducmg a body of 
greater conducting power for heat By studying the figures of 
the hnes of force m a great number of mdividual cases, Faraday 
was led to notice that they always dispose themselves as if they 
were subject to a mutual repulsion, or as if the tubes of force 
had an mherent tendency to dilate * 

It IS interesting to mterpret by aid of these conceptions the 
law of Priestley and Coulomb regardmg the attraction between 
two oppositely chaiged spheres In Faraday s view the medium 
intervening between the spheres is the seat of a system of 
stresses which may be represented by an attraction or tension 
along the hnes of electiic force at every point together with a 

* Exp Ees §§ 1224 1297 ( 183 /) 

P 
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mutual repulsion of these lines or pressure laterally Where a 
Ime of force ends on one of the spheres, its tension is exeicised 
on the spheie in this way, eveiy surface element of each 
sphere is pulled outwards If the spheres weie entirely 
remoTed from each other s influence the state of stiess would be 
uniform round each sphere and the puUs on its surface elements 
would hglannft giving no resultant force on the sphere But 
when the two spheres are brought into each others piesenet 
the umt Imes of force become somewhat more crowded together 
on the sides of the spheres which face than on the remote sides 
and thus the resultant pull on either sphere tends to draw it 
toward the other When the spheres are at distances great 
compared with their radu the attraction is nearly proportional 
to the mverse square of the distance which is Priestley s law 
In the following year (1838) Faraday amplified* his theoiy 
of electrostatic mduction by making further use of the analogy 
with the mduction of magnetism Fourteen years previously 
Poisson had imagmedt an admirable model of the molecular 
processes which accompany magnetization, and this was now 
apphed with very httle change by Faraday to the case of indue 
tion m dielectrics The particles of an msulatmg dielectiu 
he suggested J whilst under induction may be compared to a 
senes of small magnetic needles or more correctly still to a 
senes of small insulated conductors If the space round a 
charged globe were filled with a mixture of an insulating 
dielectnc as oil of turpentine or air and small globular 
conductors as shot the latter being at a httle distance from 
each other so as to be msulated then these would in their 
condition and action exactly resemble what I consider to be 
the condition and action of the particles of the msulatmg 
dielectnc itself If the globe were charged these little con 
duetors would aU be polar , if the globe were dischaiged they 
would aU. return to their normal state to be polarized again 
upon the rechargmg of the globe 

That this explanation accounts for the phenomena of specific 

Ses beneBxiT t Cl p 66 %£,xp Res § 1679 
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inductive capacity may be seen by what follows which is 
substantially a translation into electrostatical language of 
Poisson s theory of induced magnetism * 

Let p denote volume density of electric charge For each 
of Faradays small shot the integral 


JJJ dy dz 

integrated throughout the shot will vamsh since the total 
charge of the shot is zero but if r denote the vector {x, y s) 
the integral 

JJJ pT dxdy dz 

will not be zero since it represents the electric polarization of 
the shot if theie are F shot per unit volume the quantity 

^ = F S!S p T dx dy dz 

will lepresent the total polarization per unit volume If d 
denote the electric force and E the average value of d P will 
be pioportional to E say 

P = (e - 1) E 

By integration by parts assuming all the quantities concerned 
to vary continuously and to vanish at infinity we have 


0 0 0 


k 


^ div "S da, dy dz 


where ^ denotes an arbitrary function, and the volume-integrals 
are taken throughout infinite space This equation shows that 
the polar distribution of electric charge on the shot is equivalent 
to a volume distribution throughout space, of density 

- div P 


ISTow the fundamental equation of electrostatics may in 
smtable umts be written 


div d = ^ , 

♦V Thomson (Kslvin) Camb and Dub Math Journal, November 184 j 
yr Thomson s Pajim on BleettoUahea and MagneUm §43sqq P 0 Mossotti 
Arch des sc, phvs (Geneva) vi (1847) p 193 Mem della Soc Ital Modena 
(2) XIV (1850), p 49 



212 


Fa7 aday 


and this gives on averaging 

div E = jOi + ^ 

where pi denotes the volume density of free clectiic cliaigo 
1 e excluding that in the doublets , or 

div (E -I- P) = pi 

or div (c E) = pi 

This IS the fundamental ecjuation of electrostatics, as inodifu d 
m order to take into account the effect of the specific inductive 
capacity € 

The conception of action propagated step by step tlnough i 
medium by the influence of contiguous particles had a firm liohl 
on Faradays mmd and was applied by him m almost evtiy 
part of physics It appears to me possible, he wiote in 
1838* * * § and even probable, that magnetic action may be 
commumcated to a distance by the action of the in tei veiling 
particles m a manner having a relation to the way in which 
the mductive forces of static electricity are transferred to a 
distance , the mtervenmg particles assuming for the time nune 
or less of a pecuhar condition, which (though with a vciy 
imperfect idea) I have several times expressed by the term 
electro tome state f 

The same set of ideas sufficed to explain electric curionts 
Conduction Faraday suggested? might be *an action of 
contiguous particles dependent on the forces developed in 
electrical excitement, these forces brmg the particles into a 
state of tension or polarity ,§ and being in this state the 
contiguous particles have a power or capability of communicating 
these forces one to the other by which they are lowered and 
discharge occurs 

* Bxp Res § 1729 

+ This name had been devised m 1831 to express the state of mutter subject to 
magneto electric induction cf Exp Res § 60 

tExp Res m p 613 

§ As in electiostalic induction in dielectrics 
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After working strenuously for the ten years which followed 
the discovery of induced currents Faraday found in 1841 that 
his health was affected , and for four years he rested A second 
period of brilliant discoveries began in 1845 

Many experiments had been made at different times by 
various investigators* with the purpose of discovering a 
connexion between magnetism and light These had generally 
taken the form of attempts to magnetize bodies by exposure 
in particular ways to particular kinds of radiation, and a 
successful issue had been more than once reported, only to be 
negatived on re examination 

The true path was first indicated by Sir John Herschel 
After his discovery of the connexion between the outward form 
of quartz crystals and then pioperty of rotating the plane of 
polarization of light Herschel remarked that a rectihnear 
electric curient deflecting a needle to right and left all round 
it possesses a hehcoidal dissymmetry similar to that displayed 
by the crystals Therefore he wrote t induction led me to 
conclude that a similar connexion exists and must turn up 
somehow or other, between the electric current and polarized 
light and that the plane of polarization would be deflected by 
magneto electiicity 

The nature of this connexion was discovered by Faraday 
who so fai back as 18^4]: had transmitted polarized light 
thiough an electiolytic solution during the passage of the 
current in the hope of observing a change of polarization 
This early attempt failed, but in September 1845 he varied 
the experiment by placing a piece of heavy glass between the 
poles of an excited electro magnet , and found that the plane 
of polarization of a beam of hght was rotated when the beam 
travelled through the glass parallel to the lines of force of the 
magnetic field § 

* e t by Monohini <xf Home in 1813 Quart Journ Sci xix p 338 by 
Samuel Hunter Christie of Cambiidge in 1825 Phil Trans 1826 p 219 and 
by Mary Somerville m the same year Phil Irans 1826 n 132 
tSii J Kersahel in Bmce Jones s Life of J^araday p ’06 
to, §961 §Ji §2162 
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In the year foUomng Faraday s discovery Airy* suggested 
a way of representing the eifeet analytically , as might have been 
expected this was by modifying the equations which had been 
already mtroduced by MacCullagh for the case of naturally 
active bodies In Mac Cullagh s equations 

! Zt “ dx^ ^ 9a)" 

' 9^ ^ 9a?" 

the terms d^Zjdx^ and 9^179^ change sign with x so that tho 
rotation of the plane of polarization is always right handed or 
always left handed with respect to the direction of the beam 
This IS the case in natnrally-active bodies , but the rotation due 
to a magnetic field is in the same absolute direction whichever 
way the hght is travelling, so that the derivations with respect 
to X must be of even order Airy proposed the equations 
id^Y , d^T dZ 

I 9«* 9^" ^ di 

\d‘z zz 9r 

'9T=‘’‘ 

where fi denotes a constant proportional to the stiength of the 
magnetic field which is used to produce the effect He remarked, 
however thatmstead of taking fj. dZjZt and fidYIdt as the additional 
terms it would be possible to take fxd^ZIdt^ and fid^YldP oi 
/xd^ZIdx^di and fid^TIda^dt or any other deriiates in which tho 
number of differentiations is odd with respect to t and e\ en with 
respect to a? It may in fact be shown by the method pie 
viously apphed to Mac Cullagh s formulae that, if the equations 
are 

f?!r_ s U 

dt 9a?"'*‘'"^» 

9'-+»F 

where (» + s) is an odd number, the angle through which the 

♦Plul Ka^ zxvm (1846) p 469 
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plane of polarization rotates m unit length of path is a numerical 
multiple of 

M 


where r denotes the period of the light Now it was shown by 
Verdet"^ that the magnetic rotation is appioximately proportional 
to the inverse square of the wave length , and hence we must 
have 

7 + 3 = 3 , 

so that the only equations capable of correctly representing 
Faraday^s effect are eithei 

dt^ ~ do^dt 

,0i aa!“ ^dK^dt 

or 

,0 Y , 0’r d^Z 

dt‘ 0a:* ^ dt^ 
dZ ^ ^ 

'01!* ■‘'‘053 '' 0^* 

The former pair aiise as will appear later in Maxwells 
theory of rotatory polarization the latter pair which were 
suggested m 1868 by Boussinesqt follow from that physical 
theory of the phenomenon which is generally accepted at the 
piesent time + 

Airy s work on the magnetic rotation of light was limited 
in the same way as MacCullagh’s work on the rotatory power 
of quartz , it furnished only an analytical representation of the 
effect without attempting to justify the equations The earliest 
endeavour to provide a physical theory seems to have been 
made in 1858 in the inaugural dissertation of Call Neumann 

* Comptes Rendiis Ivi (1863) p 630 
Journal de Math , xiii (1868) p 430 
J Y and Z being intei pi eted as eomponents of electric force 
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of Halle * Neumann assumed that every element of an electric 
current exerts force on the particles of the aethei , and in parti 
cular that this is true of the molecular currents which constitute 
magnetization although m this case the force vanishes except 
when the aethereal particle is already in motion If e denote the 
displacement of the aethereal particle m the force in question 
may be repiesented by the term 

km [ e K] 

where K denotes the imposed magnetic field and k denotes a 
magneto optic constant characteristic of the body When this 
term is mtroduced into the equations of motion of the aethei 
they take the form which had been suggested by Airy , whence 
Neumann s hypothesis is seen to lead to the incorrect conclusion 
that the rotation is mdependent of the wave length 

The rotation of plane-polanzed light depends as Fresnel had 
shown t on a difference between the velocities of propagation of 
the right handed and left-handed circularly polarized waves into 
which plane polarized light may be resolved In the case ot 
magnetic rotation this difference was shown by Verdet to be 
proportional to the component of the magnetic force in the 
direction of propagation of the hght, and CornuJ showed further 
that the mean of the velocities of the right handed and left 
handed waves is equal to the velocity of light in the medium 
when there is no magnetic field From these data by Fresnel s 
geometrical method the wave surface in the medium may be 
obtamed, it is found to consist two spheres (one relating 
to the nght-handed and one to the left handed light) each 
identical with the spherical wave surface of the unmagnetized 
medium displaced from each other along the Imes of magnetic 
force § 

The discovery of the connexion between magnetism and 

* Ezphear& tentatur quomodojlat ut lucts planum polat isatioms per vtres el ml 
rmg deelxmtur Ealxs Saxonum 1868 The results were republished in a tract 
Bxe magnetxsehe Jhehung aei Folm xsationsehene dee LxcJites Halle 1863 
tCf p IH t Comptes Rendiis xcii (1881) p 1368 

9 Cornu Comptes Rendus xcix (1884) p 1045 



Fa'P aday 


217 


light gave interest to a short papei of a speculative character 
which Faraday published* in 1846 under the title Thoughts 
on Eay-Vibrations In this it is possible to trace the progress 
of Faiaday s thought towaids something like an electro magnetic 
theory of light 

Considering first the nature of ponderable matter, he suggests 
that an ultimate atom may be nothing else than a field of 
force — electric magnetic andgravitational— surroundmgapomt 
centre , on this view which is substantially that of Michell and 
Boscovich, an atom would have no defimte size but ought 
rather to be conceived of as completely penetrable and extend 
ing throughout all space , and the molecule of a chemical 
compound would consist not of atoms side by side, but of 
spheres of power mutually penetrated and the centres even 
coinciding t 

All space being thus permeated by lines of force Faraday 
suggested that hght and radiant heat might be transverse 
vibrations propagated along these lines of force In this way 
he proposed to dismiss the aether^’ or lather to replace it by 
Imes of force between centres the centres together with their 
lines of force constituting the particles of material substances 
If the existence of a luminifeious aether were to be admitted 
Faraday suggested that it might be the vehicle of magnetic 
force , for he wrote m 1851 f ‘ it is not at all unhkely that 
if there be an aether it should have other uses than simply 
the conveyance of radiations This sentence may be regarded 
as the origin of the electro magnetic theory of light 

At the time when the Thoughts on Eay Vibrations ' were 
published Faraday was evidently trying to comprehend every 
thing 111 terms of lines of force , his confidence in which had 
been recently justified by anothei discovery A few weeks 
after the first observation of the magnetic rotation of light he 
noticed^ that a bar of the heavy glass which had been used in 

* Phil Mag (3) xxviu (1846) iZa;;; -Res m p 447 
t Cf Q Life of Faraday ii p 178 

X JSxp Re^ § 3076 § PM lians 1846 p 21 JE^p Res § 22o3 
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this investigation when suspended between the poles of an 
electro magnet set itself across the line joining the poles thus 
behaving in the contrary way to a bar of an ordinary magnetic 
substance which would tend to set itself along this line A 
simpler manifestation of the effect was obtained when a cube 
or sphere of the substance was used , in such forms it showed 
a disposition to move from the stronger to the weaker places 
of the magnetic field The pointing of the bar was then seen 
to be merely the resultant of the tendencies of each of its 
particles to move outwards mto the positions of weakest 
magnetic action 

Many other bodies besides heavy glass were found to 
display the same property , in particular, bismuth * The name 
d%amagnetic was given to them 

Theoretically remarked Paraday, an explanation of the 
movements of the diamagnetic bodies might be offered in the 
supposition that magnetic induction caused in them a contrary 
state to that which it produced in magnetic matter , i e that if 
a particle of each kind of matter were placed in the magnetic 
field both would become magnetic and each would have its 
axis parallel to the resultant of magnetic force passing through 
it , but the particle of magnetic matter would have its north 
and south poles opposite oi facing toward the contrary poles 
of the inducing magnet whereas with the diamagnetic pai tides 
the reverse would be the case , and hence would result approxi- 
mation m the one substance recession in the other Upon 
Ampere s theory this view would be equivalent to the sup 
position that as currents are mduced m iron and magnetics 
parallel to those existmg in the mducing magnet or battery 
wire so in bismuth heavy glass and diamagnetic bodies the 
currents induced aie in the contrary direction 

This explanation became generally known as the * hypothesis 
of diamagnetic polarity , it represents diamagnetism as similar 

* The repulsion of bismuthi in. the magnetic field had heen previously obsei vcd 
by A Brugmans in 1778 Antomi Brugmans Magnettsmus Lugd Bat 1778 

t JBxp § 2429 
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to ordinary induced magnetism in all respects, except that the 
direction of the induced polarity is reversed It was accepted 
by other investigators, notably by W Weber Plucker Reich 
and Tyndall , but was afterwards displaced from the favour of 
its mventor by another conception more agreeable to his peculiar 
views on the nature of the magnetic field In this second 
hypothesis Faraday supposed an ordmary magnetic or para- 
magnetw* body to be one which offers a specially easy pas'iage 
to hues of magnetic force so that they tend to crowd into 
it in preference to other bodies , while he supposed a dia- 
magnetic body to have a low degree of conducting power for 
the lines of force so that they tend to avoid it ‘ If, then, he 
reasoned f a medium having a certain conduetmg power occupy 
the magnetic field and then a portion of another medium or 
substance be placed in the field having a greater conducting 
power the latter will tend to draw up towards the place of 
greatest force displacing the former There is an electrostatic 
effect to which this is quite analogous , a charged body attracts 
a body whose specific inductive capacity is greater than that of 
the suiiounding medium and repels a body whose specific 
inductive capacity is less , iii either ease the tendency is to 
afford the path of best conductance to the lines of force X 

For some time the advocates of the polarity and 
conduction theories of diamagnetism carried on a contro- 
versy which indeed like the contioversy between the adherents 
of the one fiuid and two fluid theories of electricity persisted 
after it had been shown that the rival hypotheses were mathe 
matically equivalent and that no experiment could be suggested 
which would distinguish between them 

Meanwhile new properties of magnetizable bodies were being 
discovered In 1847 Julius Fluckei (h 1801 ^ 1868) Professor 
of Natural Philosophy in the University of Bonn while 
repeating and extending Faraday s magnetic experiments 

• This term was introduced by Faraday Exp Mes § 2790 
t Exp Ees § 2798 

* Ihe inathematical theory of the motion of a magnetizable body m a non 
uiufoim field of force was discussed bv W Thomson (Kelyin) in 1847 
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observed"^ that certain uniaxal crystals when placed between 
the two poles of a magnet tend to set themselves so that the 
optic axis has the equatorial position At this time Farada} 
was continuing his researches , and while investigating the 
diamagnetic properties of bismuth was frequently embarrassed 
by the occurrence of anomalous results In 1848 he ascei tamed 
that these were in some way connected with the crystalline 
form of the substance and showedf that when a crystal of 
bismuth IS placed m a field of uniform magnetic force (so that 
no tendency to motion arises fiom its diamagnetism) it sets 
itself so as to have one of its crystalline axes directed along 
the Imes of force 

At first he supposed this effect to be distmet from that 
which had been discovered shortly before by Plucker ‘ The 
results he wrote J are altogether very different from those 
produced by diamagnetic action They are equally distinct from 
those discovered and described by Plucker in his beautiful 
researches mto the relation of the optic axis to magnetic action , 
for there the force is equatorial whereas here it is axial So 
they appear to present to us a new force or a new foim of 
force in the molecules of matter which foi convenience sake 
I will conventionally designate by a new word as the mafjno 
crystalhc force Later m the same year however he recognizedi:i 
that the phaenomena discovered by Plucker and those of which 
I have given an account have one common origin and cause 
The idea of the conduction of hues of magnetic force by 
different substances by which Faraday had so successfully 
explained the phenomena of diamagnetism he now applied to 
the study of the magnetic behaviour of crystal's If^ he wrote |1 
the idea of conduction be applied to these magnecrystallic 
bodies it would seem to satisfy all that lequires explanation m 
their special results A magnecrystalhc substance would then 
be one which m the crystalhzed state could conduct onwards or 

* Ann d Phya ixxu (184:7) p 315 ^ Seientijio Memoit s v p 363 

T Phil Trans 1849 p 1 Hxp JRes § 2464 
Bxp Res § H69 § Jbid § )605 
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permit the exertion of the magnetic force with more facility in 
one direction than another , and that direction would be the 
inagnecrystallic axio Hence when in the magnetic field, the 
magnecrystallic axis would be urged into a position coincident 
with the magnetic axis by a force coriespondent to that 
difference just as if two different bodies were taken when the 
one with the greater conducting power displaces that which is. 
weaker 

This hypothesis led Faraday to predict the existence of 
anothei type of magnecrystallic effect as yet unobserved ' If 
such a view were correct he wrote* it would appear to 
follow that a diamagnetic body like bismuth ought to be less 
diamagnetic when its magnecrystallic axis is parallel to the 
magnetic axis than when it is perpendicular to it In the two 
positions it should be equivalent to two substances havmg 
different conductmg powers for magnetism and therefore if 
submitted to the differential balance ought to present 
differential phaenomena This expectation was realized when 
the matter was subjected to the test of experiment f 

The series of Faraday s Experimental Eesearches in 
Electricity end in the year 1855 The closing period of his 
hfe was quietly spent at Hampton Court in a house placed at 
his disposal by the kindness of the Queen , and here on August 
25th 1867, he passed away 

Among experimental philosophers Faraday holds by uni- 
versal consent the foremost place The memoirs in which his 
discoveries are enshrined will never cease to be read with 
admiration and delight , and future generations will preserve 
with an affection not less enduring the personal records and 
familiar letters which recall the memory of his humble and 
unselfish spirit 


Ees § 2839 


flhid § 2841 
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CHAPTEE Vil 

THE MATHEMATICAL ELBOTRIOIANS OF THE MIDDIT 01 J HE 
NINETEENTH CENTURY 

While Faraday was engaged in discovering the laws ot induced 
cm rents in his own way by use of the conception of hues of 
force his contemporary Franz Neumann was attacking the 
same problem from a different point of view Ncuiuinn 
preferred to take Amp&re as his model , and in 1845 publislitd 
a memoir* m which the laws of induction of cuiiouts wtic 
deduced by the help of Ampere s analysis 

Among the assumptions on which Neumann based his woik 
was a rule which had been formulated not long aftei I n id ly s 
ongmal discovery by Ennl Lenz t and which may be cuunoi itcd 
as follows when a conducting circuit is moved in a m igut tu 
field the induced current flows in such a diiection thit the 
pondeiomotne forces on it tend to oppose the motion 

Let ds denote an element of the circuit which is in motion 
and let Gds denote the component, taken in the dacction at 
motion of the ponderomotive force exerted by the inducing 
cnrient on ds when the latter is carrying unit cuirent , so that 
the value of 0 is known from Ampfere s theoiy Then Lcn/ s 
rule requires that the product of G mto the stiength ot the 
induced current should be negative Neumann xssumt d th it 
this IS because it consists of a negative coefficient multiplying 
the square of (7, that is he assumed the induced clectio 
motive force to be proportional to 0 He further assumed it to 
be propoitional to the velocity v of the motion, ind thus 
obtamed for the electromotive force mducedin ds the tvpiessioii 

- &)Gds 

where € denotes a constant coefficient By aid of this foimula 

Berlin. Abhandlungen 1846 p 1 1848 p 1 repiinted as No 10 and 

^0 86 of Ostwald 8 tianslated Journal de Ma^ 3011 (1848) p 118 

tAnn d Rhys zxxi(1834) p 483 
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in the earlier part* of the memoir he calculated the induced 
currents in various particular cases 

But having arrived at the formulae in this way ITeumann 
noticedf a pecuhanty in them which suggested a totally 
different method of treating the subject In fact on examining 
the expression for the current mduced m a circuit which is m 
motion m the field due to a magnet it appeared that this 
mduced curient depends only on the alteration caused by the 
motion in the value of a certain function , and moreover that 
this function is no other than the potential of the ponderomotive 
forces which according to Ampere s theory act between the 
circuit supposed traversed by unit current and the magnet 
Accordingly Neumann now proposed to reconstruct his 
theorj by takmg this potential function as the foundation 

The nature of Neumanns potential and its connexion 
with Faradays theory will be understood from the followmg 
considerations — 

The potential energy of a magnetic molecule M in a field 
of magnetic intensit} B is (B M) , and therefore the potential 
energy of a cuirent ^ flowing in a circuit s in this field is 

4[(B dS) 

5 

where B denotes a diaphragm hounded by the cirenit s , as is 
seen at once on replacing the circuit by its equivalent magnetic 
shell S If the field B be produced by a current fiowing in a 
circuit s we have by the formula of Biot and Savart 




Hfr 1-8 It may b© lemT-rked that Neumann in making use of Ohm s law 
was (like eveiyone else at this time) unaware of the identity of electrobcopic 
force ith electrostatic potential t § 9 
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Hence, the mutual potential energy of the two currents is 





which hy Stokes s transformation may be written in the foim 





(ds dsQ 

T 


This expression represents the amount of mechanical work 
which must be performed against the electio dynamic pondero 
motive forces m order to separate the two circuits to an infinite 
distance apart when the current strengths are maintained 
unaltered 

The above potential function has been obtained by con- 
sidering the ponderomotive forces , but it can now be connected 
with Paradays theory of induction of currents Eor by 
mterpietmg the expression 



m terms of hues of force we see that the potential function 
represents the product of ^ mto the number of unit-lines of 
magnetic force due to s which pass through the gap formed by 
the circuit s , and since by Faraday s law the currents induced 
m s depend entirely on the variation in the number of these 
hues it IS evident that the potential function supplies all that 
os needed for the analytical treatment of the induced currents 
This was Neumann s discovery 

The electromotive force induced m a cncuit s by the motion 
of other circuits s' carrying currents is thus proportional to 
the time rate of variation of the potential 


so that if we denote by a the vector 
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which of course is a function of the position of the element 
from which r is measured then the electromotive force induced 
111 any circuit element (Zs by any alteration in the currents 
which give rise to a is 

(a ds) 

ihe induction of currents is therefore governed by the vector a , 
this which is generally known as the mdor yote%Ual has from 
Neumann s time onwards played a great part in electrical theory 
It may be readily interpreted m terms of Faraday s conceptions , 
for (a ds) represents the total numbei of unit Imes of magnetic 
force which have passed across the hne-element ds prior to the 
instant t The vector-potential may m fact be regarded as the 
analytical measure of Faradays electrotomc state ^ 

While Neumann was endeavouring to comprehend the laws 
of induced currents in an extended foim of Amperes theory 
another investigator was attempting a still more ambitious 
pioject no less than that of unitmg electrodynamics mto a 
coherent whole with electrostatics 

Wilhelm Webei (b 1804 d 1890) was in the earlier part of 
his scientific careei a friend and colleague of Gauss at Gottmgen 
In 1837 however he became mvolved in political trouble The 
union of Hanover with the British Empiie which had subsisted 
since the accession of the Hanoverian dynasty to the British 
thiono was in that year dissolved by the operation of the Sake 
law , the Piincess Victoria succeeded to the crown of England 
and her uncle Ernest- Augustus to that of Hanover The new 
king, who was a pronounced reactionary revoked the free 
constitution which the Hanoverians had for some time enjoyed, 
and Webei who took a prominent part in opposing this action 
was deprived of his professorship From 1843 to 1849 when 
his principal theoretical researches in electricity were made 
he occupied a chair in the University of Leip/ig 

The theory of Weber was in its origin closely connected 
with the work of another Leipzig professor Fechner who m 
1845t introduced certain assumptions regaiding the nature of 
* Cf pp 2i’ 272 t Ann d Phys Ixiv (1846) p 387 

Q 
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electric currents Fechner supposed every current to consist in 
a streaming of electric charges the vitreous charges tiavellmg 
in one direction and the resmous charges equal to them in 
magnitude and number travellmg m the opposite direction with 
equal velocity He further supposed that like charges attract 
each other when they are movmg parallel to the same direction 
while unhke charges attract when they are moving in opposite 
directions On these assumptions he succeeded in bringing 
Faraday s induction effects mto connexion with Amp^.re s laws 
of electrodynamics 

In 1846 Weber* adoptmg the same assumptions as Fechner 
analysed the phenomena in the following way — 

The formula of Ampere for the ponderomotive force between 
two elements & of currents 'i % may be written 


F = ds dd 


'2 cT r 1 dr dr \ 
X ds ds r® ds ds j 


Suppose now that X units of vitreous electricity are contained 
in unit length of the wire $ and are moving with velocity , 
tod that an equal quantity of resinous electricity is moving 
with velocity u in the opposite direction , so that 

% = 2Xu 

Let X' 'lb' denote the corresponding quantities foi the other 
current, and let the suffix i be taken to refer to the action 
between the positive charges in the two wires the sufh \2 to 
the action between the positive charge in s and the negative 
charge in s the suffix 3 to the action between the negative 
charge m s and the positive charge in s and the suffix 4 to the 
action between the negative charges m the two wires Then 
we have 

/dr\ dr dr 


* Elektrodynamische Maassheshmmwigen Leipzig Abhandl 1846 Ann d 
Phys lxxiii(1848) p 193 Englisli translation in laylors Soientijic Memo%i8 
Y (18o2) p 489 
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as 


d?r do 

"j — 7“ ^ ® — ; 

as as ds * 


By aid of these and the similar equations with the suffixes 2 3 4 
the equation for the ponderomotive force may be transformed 
into the equation 



But this is the equation which we should have obtained 
had we set out from the following assumptions that the 
ponderomotive force between two current elements is the 
resultant of the force between the positive charge in ds and the 
positive charge in ds' of the force between the positive charge 
in ds and the negative charge in ds, etc , and that any two 
electrified particles of charges e and e whose distance apart 
IS T repel each other with a force of magnitude 

rM dt^ 2\dt)S 

Two such charges would of course also exert on each other an 
electrostatic repulsion whose magnitude in these units would 
he eecl7 , where c denotes a constant* of the dimensions of a 
velocity whose value is approximately 3 x 10^® cm /sec So 
that on these assumptions the total repellent force would be 

ee'c^ / rr r* \ 

\ " ^7 


The units which have been adopted in the above investigation depend on the 
electrodynamic actions of currents 1 e they aie such that two unit currentb flowing 
in paiallel ciioular circuits at a certain distance apart exert unit ponderomt tive 
force on each other The quantity of electricity conveyed in unit time by such a 
unit current is adopted as the unit charge This unit cbaige is not identical with 
the electrostatic unit chaige which ib defined to be such that two unit chaiges at 
unit distance apart repel each other with unit ponderomotive force Hence the 
necessity foi introducing the factor e 

Q 2 
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This expression for the force between two electric ehaiges 
was taken by Weber as the basis of his theory Weber s is the 
first of the elect'! on-theones — a name given to any theory which 
attributes the phenomena of electrodynamics to the agency 
of movmg electne charges the forces on which depend not 
only on the position of the charges (as in electrostatics), but 
also on their velocity 

The latter feature of Webers theory led its eailiest cntics 
to deny that his law of force could be reconciled with the 
principle of conservation of energy They were however, 
mistaken on this point as may be seen from the following 
considerations The above expression for the force between 
two charges may be written in the form 

dr dt[^ dr / 

where U denotes the expression 



Consider now two material particles at distance r apait whose 
mechanical kmetio energy is T and whose mechamcal potential 
energy is V and which carry charges e and e The equations 
of motion of these particles will be exactly the same as the 
equations of motion of a dynamical system foi which the 
kinetic eneigy is 

T- — 

2r 

and the potential energy is 

T 

To such a system the prmciple of conservation of energy may be 
applied the e(ination of energy is in fact 

5^ + F- ee r* + = constant 

It r 
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The first objection made to Webers theoiy is thus disposed 
of , but another and more serious one now piesents itself The 
occurrence of the negative sign with the term - ee r 72 r implies 
that a charge behaves somewhat as if its mass were negative so 
that m certain circumstances its velocity might inciease indefi- 
nitely under the action of a force opposed to the motion This 
IS one of the vulnerable points of Weber's theory and has been 
the object of much criticism In fact * suppose that one charged 
particle of mass /z. is free to move and that the other charges 
are spread uniformly over the surface of a hoEow spherical 
insulator in which the particle is enclosed The equation of 
conservation of energy is 

F= constant 

where e denotes the charge of the particle 'g its velocity V its 
potential energy with respect to the mechanical forces which act 
on it and ^ denotes the quantity 

I ^ cos (y dS 

where the integration is taken over the sphere and where 
denotes the surface density , y is independent of the position of 
the particle yx within the sphere If now the electric charge on 
the sphere is so great that is greater than yu then -y® and V 
must increase and diminish together which is evidently absurd 
Leaving this objection unanswered we proceed to show how 
Webei s law of force between electrons leads to the formulae 
for the induction of currents 

The mutual energy of two moving charges is 

ea c [ {(r v)-(r v))^ ~ 

where v and v' denote the velocities of the charges , so that the 

* Ihis example ■was given by HelmholU Journal fur Math Ixxv (1873) p So 
Phil Mag xliv (1872) p 630 
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mutiial energy of two current elements containing charges e e 
respectively of each kind of electricity is 

[-((rTO-(rv)}^+{(rvO+(rv)|“+{-(rvHrT)}»-{(-rv)+(rv)} ], 


or 


4cee'(v V )(r v) 


If ds ds denote the lengths of the elements and ^ the currents 
in them we have 

^ds = 2(37 - 2 . ds = 2e V , 

so the mutual energy of two current elements is 

vi! 

-(r ds') (r ds) 

The mutual energy of tds with all the other currents is therefore 

^(ds a) 

where a denotes a vector potential 

(r ds) r 

By reasoning similar to Neumann s it may be shown that the 
electromotive force induced in ds by any alteration in the rest 
of the field is 

-(ds a), 

and thus a complete theory of induced currents may be 
constructed 

The necessity for induced currents may be inf ei red by 
general reasonmg from the first principles of Webers theory 
When a circuit s moves in the field due to currents, the velocity 
of the vitreous charges in s is owing to the motion of not 
equal and opposite to that of the resinous charges this gives 
rise to a difference in the forces actmg on the vitreous and 
resinous charges in s , and hence the charges of opposite sign 
separate from each other and move in opposite directions 

The assumption that positive and negative charges move 
with equal and opposite velocities lelative to the matter of 
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the conductor is one to which for \arious reasons which will 
appear later, objection may be taken , but it is an mtegral part 
of Webers theory, and cannot be excised from it In fact 
if this condition were not satisfied and if the law of force were 
Webers electric currents would exert forces on electrostatic 
charges at rest* , as may be seen by the following example 
Let a current flow in a closed circuit formed by arcs of two 
concentric circles and the portions of the radii connecting their 
extremities, then if Webers law were true and if only one 
kind of electricity were in motion the current would evidently 
exert an electrostatic force on a charge placed at the centre of 
the circles It has been shown t indeed that the assumption 
of opposite electricities moving with equal and opposite veloci 
ties in a circuit is almost inevitable in any theory of the type 
of Webers, so long as the mutual action of two charges is 
assumed to depend only on their relative (as opposed to their 
absolute) motion 

The law of Weber is not the only one of its kind, an alterna 
tive to it was suggested by Bernhard Eiemann(& 1826 d 1866) 
in a course of lectures which were delivered^ at Gottingen 
in 1861 and which were published after his death by 
K Hattendorfi Eiemann pioposed as the electrokinetic 
energy of two electrons e(x y 2 ) and e{x y ,z) the expression 

+ (y-2/)® + (s-s)*} . 

^ T 

tViiH differs from the corresponding expression given by Weber 
only in that the relative velocity of the two electrons is 
substituted in place of the component of this velocity along 
the radius vector Eventually as will be seen later the laws 

* This remark was jOlrat made by Clausius Journal fur Math Ixsixu (1877) 
p 86 the simple proof given above is due to G-iassmann, Joumal fur Math 
h.xxui (1877) p 67 

t H Lorberg Journal fur Math Ixxxiv (1878) p 305 

ISchwere Hlektncitat und Mag neiismus nach den VorlesungenvonB Biemann 
Hannover 1875 p 326 Another alternative to Weber s law had been discovered 
by Gauss so far back as 1835 but was not published until after his death cf 
Gauss Wethe v p 616 
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of Eiemann and Weber were both abandoned m favour of a 
third alternative 

At the time however Webers discovery was felt to be a 
great advance, and indeed it had, perhaps the greatest share 
in awakening mathematical physicists to a sense of the possi 
bilities latent in the theory of electricity Beyond this its 
influence was felt in general dynamics, for Webers electro 
kmetic energy which resembled kmetic energy in some respects 
and potential energy in others could not be precisely classihed 
under either head, and its mtroduction by helping to break 
down the distmetion which had hitherto subsisted between the 
two parts of the kinetic potential prepared the way for the 
modern transformation theory of dynamics * 

Another subject whose development was stimulated by the 
work of Weber was the theoiy of gravitation That giavitation 
IS propagated by the action of a medium and consequently is a 
process requiring time for its accomplishment had been an article 
of faith with many generations of physicists Indeed the 
dependence of the force on the distance between the attractins 
bodies seemed to suggest this idea , for a propagation which is 
truly instantaneous would perhaps be moie naturally conceived 
to be effected by some kind of rigid connexion between the 
bodies, which would be more likely to give a force independent 
of the mutual distance 

It IS obvious that if the simple law of Newton is abandoned 
there is a wide field of rival hypotheses from which to choose 
its successor The first notable attempt to discuss the question 
was made by Laplace t Laplace supposed gravity to be pro 
duced by the impulsion on the attracted body of a gravific 
fluid, which flows with a definite velocity toward the centre 
of attraction — say the sun If the attracted body oi planet 
IS m motion, the velocity of the fluid relative to it will be 
compounded of the absolute velocity of the fluid and the 
reversed velocity of the planet, and the force of giavity will 

* Of AVluttaker A.nalyi%cal Dynamxos chapteis ii m xi 

t Mecanxque Celeste Livie x chap vu § 22 
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act in the diiection thus determined its magnitude being 
unalteied bj the planet s motion This amounts to supposing 
that gravity is subject to an aberiational effect similar to that 
observed in the case of light It is easily seen that the modi 
fication thus intioduced into Newton s law may be represented 
by an additional perturbing force directed along the tangent 
to the orbit in the opposite sense to the motion, and pio 
poitional to the planet’s velocity and to the inverse square of 
the distance from the sun By considering the influence of 
this force on the secular equation of the moon s motion Laplace 
found that the velocity of the gravific fluid must be at least a 
hundred million times greater than that of light 

The assumptions made by Laplace are evidently in the 
highest degree questionable, but the generation immediately 
succeeding overawed by his fame seems to have found no way 
of improvmg on them Under the mfluence of Webers ideas 
however astronomers began to thmk of modifying Newton s 
law by adding a term involving the velocities of the bodies 
Tisserand* in 1872 discussed the motion of the planets lound 
the sun on the supposition that the law of gravitation is the 
same as Webers law of electrodynamic action so that the 
force IS 

7 ) li\u) dt^) 

where / denotes the constant of gravitation m the mass of 
the planet ju the mass of the sun r the distance of the planet 
from the sun and h the velocity of propagation of gravitation 
The equations of motion may be rigorously integrated by 
the aid of elliptic functionsf, but the simplest procedure is 
to write 

* Comples Hendus Ixxv (1872) p 760 Of also Oomptes Rendus, cx (1890) 
p 313 and Holzmuller Zeitschriftfui Math u Phys , 1870 p 69 

t This had been done m an inaugural dibsertation by Seegers Gottingen 1864 
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and, regarding as a perturbing function to find the variation 
of the constants of elliptic motion Tisserand showed that the 
perturbations of all the elements are zero or periodic and quite 
msensible except that of the longitude of perihelion which has 
a secular part If h be assumed equal to the velocity of light, 
the effect would be to rotate the major axis of the orbit of 
Mercury m the direct sense 14 ' in a century 

Now as it happened a discordance between theory and 
observation was known to exist in regard to the motion of 
Mercury s perihelion , for Le Verrier had found that the attrac- 
tion of the planets might be expected to turn the perihelion 
527' in the direct sense in a century whereas the motion 
actually observed was greater than this by 38" It is evident 
however that only f of the excess is explained by Tisserand s 
adoption of Webers law, and it seemed therefore that this 
suggestion would prove as unprofitable as Le Verrier s own 
hypothesis of an intra-mercurial planet But it was found 
later* that f of the excess could be explained by substituting 
Eiemann s electrodynamic law for Weber s, and that a com 
bmation of the laws of Riemann and Weber would give exactly 
the amount desired f 

After the publication of his memoir on the law of foice 
between electrons Weber turned his attention to the question 
of diamagnetism and developed Faradays idea regarding the 
explanation of diamagnetic phenomena by the effects of electiic 
currents induced m the diamagnetic bodies J Weber lemaikcd 
that if, with Ampere we assume the existence of molecular 
circuits in which there is no ohmic resistance so that curients 
can flow without dissipation of energy, it is quite natural to 
suppose that curients would be induced in these moloculai 

• By Maurice Levy Comptes Eendus cx (1890) p 645 

+ The consequences of adopting the electrodynamic law of Clausius (for which 
see later) weie discussed by Oppenhem Zur irage nach der Foi tpjtanzungs 
geaohwMidigJceit der Oi av%tat%on Wien 1896 

t Leipzig Benchte i (1847) p 346 Ann d Phys Ixxiii (1848) p 241 
translated Taylor s Soienttfio Memoirs t p 477 Abhandl der K Sachs Ges i 
(1852) p 483 Ann d Phys Ixxxvii (1862), p 146 trans Tyndall and 
Francis Scientijic Memoirs p 163 
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circuits if they were situated in a varying magnetic field , and 
he pointed out that such induced molecular currents would 
confei upon the substance the properties characteiistic of 
diamagnetism 

The difficulty with this hypothesis is to avoid explaining too 
much j for if it be accepted the inference seems to be that all 
bodies without exception should be diamagnetic Weber escaped 
from this conclusion by supposing that in iron and other 
magnetic substances there exist permanent molecular currents 
which do not owe their origin to mdiiction and which, under 
the influence of the impressed magnetic force, set themselves in 
definite orientations Smce a magnetic field tends to give such 
a direction to a pre existing current that its course becomes 
opposed to that of the current which would be induced by the 
increase of the magnetic foice it follows that a substance stored 
with such pre existmg currents would display the phenomena 
of paramagnetism The bodies ordinarily called paramagnetic 
are according to this hypothesis those bodies in which the 
paramagnetism is strong enough to mash the diamagnetism 

The radical distinction which Weber postulated between the 
natures of paramagnetism and diamagnetism accords with many 
facts which have been discovered subsequently Thus in 1895 
P Curie showed* that the magnetic susceptibility per giamme 
molecule is connected with the temperature by laws which are 
different for paramagnetic and diamagnetic bodies For the 
former it varies in inverse proportion to the absolute tempe 
rature whereas for diamagnetic bodies it is mdependent of the 
temperature 

The conclusions which followed from the work of Faraday 
and Weber were adverse to the hypothesis of magnetic fluids , 
for according to that hypothesis the induced polarity would be 
in the same direction whether due to a change of orientation of 
pre existing molecular magnets or to a fresh separation of 
magnetic fluids in the molecules ‘ Through the discovery of 


* Annales de Cliimie (7) v (1845) p 289 
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diamagnetism wrote Weber* in 1852 the hypothesis of 
electric molecular currents m the interior of bodies is cor 
roborated and the hypothesis of magnetic fluids in the intenoi 
of bodies is refuted The latter hypothesis is moreovei unable 
to account for the phenomena shown by bodies which aic 
strongly magnetic like iron for it is found that when the 
magnetizing force is gradually increased to a very laige value 
the magnetization induced m such bodies does not inciease in 
proportion but tends to a saturation value This effect cannot 
be explained on the assumptions of Poisson but is easily deducibk 
from those of Weber, for according to Webers theoiy, the 
magnetizing force merely orients existing magnets , and when it 
has attained such a \alue that all of them are oi rented in the 
same direction there is nothing further to be done 

Webers theory m its original form is howe\er open to 
some objection If the elementary magnets are supposed to be 
free to orient themselves without encountering any resistance 
It IS evident that a very small magnetizing force would suttice 
to turn them all parallel to each other and thus would produce 
immediately the greatest possible intensity of induced magnetism 
To overcome this difficulty Weber assumed that every displace 
ment of a molecular circuit is resisted by a couple which tends 
to restore the circuit to its original orientation This assuinp 
tion fails howe^er to account for the fact that non which 
has been placed in a strong magnetic field does not leturu 
to its onginal condition when it is removed from the field, 
but retains a certain amount of residual magnetization 

Another alternative was to assume a frictional resistance 
to the rotation of the magnetic molecules, but if such a 
resistance existed it could be overcome only by a finite 
magnetizing force , and this inference is inconsistent with the 
observation that some degree of magnetization is induced by 
every force however feeble 

The hypothesis which has ultimately gamed acceptance is 
that the orientation is resisted by couples which arise from the 
♦Ann d Phys lxxxvu(1852) p 146 TyndaU and Francis Box Mem p 163 
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mutual action of the molecular magnets themselves In the 
unmagnetized condition the molecules arrange themselves so 
as to satisfy their mutual attraction by the shortest path and 
thus foim a complete closed circuit of attraction as D E 
Hughes wrote* in 1883 3 when an external magnetizing force 
is applied these small circuits are broken up , and at any stage 
of the process a molecular magnet is in equilibrium under the 
joint influence of the external force and the forces due to the 
other molecules 

This hyporhesis was suggested by Maxwell t and has been 
since developed by J A Ewing its consequences may be 
illustrated by the following simple example^ — 

Consider two magnetic molecules each of magnetic moment 
m whose centres are fixed at a distance c apart When 
undisturbed they dispose themselves in the position of stable 
equilibrium m which they pomt in the same direction along 
the line c Now let an increasing magnetic force R be made 
to act on them in a direction ^t right angles to the line c 
The magnets turn towards the direction of R ^ and when 
R attains the value Sm/c'* they become perpendicular to the 
line c after which they remain m this position when H is 
increased further Thus they display the phenomena of induc- 
tion initially proportional to the magnetizing force and of 
saturation If the magnetizing force R be supposed to act 
parallel to the line c, in the direction in which the axe& 
originally pointed the magnets will remain at rest But if R 
acts in the opposite diiection, the equilibrium will be stable- 
only so long as R is less than m/c®, when R increases 
beyond this limit the equilibrium becomes unstable and the- 
magnets turn over so as to point m the direction of R , when 
R is gradually decreased to zero they remain in their new posi- 
tions thus illustrating the phenomenon of residual magnetism 

*Proc Boy Soc xxxy (1883), p 178 

t Treatise on Meet ^ Mag § 443 

tPhil Mag XXX (1890) p 205 Magnetic Induction %n Iron ai d other Metals 
1891 

§ E G Gallop Messenger of Math xxvu (1897) p 6 
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By taking a large number of such pairs of magnetic moleoules, 
oiigmally oriented in all directions and at such distances that 
the pairs do not sensibly influence each othei \ 7 e may 
construct a model whose behaviour undei the influence of 
an external magnetic field will closely resemble the actual 
behaviour of fenomagnetic bodies 

In order that the magnets in the model may come to rest 
in their new positions aftei reversal it will be necessary to 
suppose that they experience some kind of dissipative force 
which damps the oscillations, to this would correspond in 
actual magnetic substances the electric currents which would 
be set up in the neighbouring mass when the molecular 
magnets are suddenly reversed, in either case the sudden 
reversals are attended by a transformation of magnetic eneigy 
into heat 

The transformation of energy from one form to another is a 
subject which was first treated m a general fashion shortly 
before the middle of the nineteenth century It had long been 
known that the energy of motion and the energy of position 
of a dynamical system are convertible into each other, and 
that the amount of their sum remains invariable when the 
system is self contained This principle of conservation of 
dynamical energy had been extended to optics by Fresnel who 
had assumed* that the energy brought to an interface by 
incident light is equal to the energy carried away from the 
interface by the refiected and refracted beams A similar 
conception was involved in Eoget s and Faraday s defencef of 
the chemical theory of the voltaic cell, they argued that the 
work done by the current in the outer circuit must be provided 
at the expense of the chemical eneigy stored m the cell and 
showed that the quantity of electricity sent lound the circuit 
IS propoitional to the quantity of chemicals consumed while 
its tension is proportional to the strength of the chemical 
affinities concerned m the reaction This theory was extended 


Of p 133 


tCf p 203 
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and completed by James Piescott Joule, of Manchester m 1841 
Joule who believed* that heat is producible from mechanical 
work and convertible into it measuredf the amount of heat 
evolved in unit time in a metallic wire through which a 
current of known strength was passed , he found the amount 
to be pioportional to the resistance of the wire multiplied by 
the sq^uare of the current strength , oi (as follows from Ohm s 
law) to the current stiength multiplied by the diffeience of 
electric tensions at the extremities of the wire 

The quantity of energy yielded up as heat in the outer 
circuit being thus known it became possible to consider the 
transference of energy in the circuit as a whole ‘ When 
wrote Joule, any voltaic arrangement whether simple or 
compound passes a current of electricity through any substance 
whether an electrolyte or not the total voltaic heat which is 
generated m any time is proportional to the number of atoms 
which are electrolyzed m each cell of the circuit multiphed 
by the virtual intensity of the battery if a decomposing cell 
be in the circuit the virtual intensity of the battery is reduced 
in proportion to its resistance to electiolyzation * In the same 
year hej enhanced the significance of this by showing that the 
quantities of heat which aie evolved by the combustion of the 
equivalents of bodies are proportional to the intensities of their 
affinities for oxygen as measured by the electromotive force 
of a battery required to decompose the oxide eleetrolytically 
The theorv of Roget and Faiaday, thus perfected by Joule 
enables us to trace quantitatively the transformations of energy 
in the voltaic cell and circuit The primary source of eneigy 
IS the chemical reaction in a Daniell cell Zn|Zn SOilCu SOilCu, 
for instance it is the substitution of zinc for copper as the 
partner of the sulphion The strength of the chemical afiinities 
concerned is in this case measured by the difference of the heats 
of formation of zinc sulphate and coppei sulphate and it is 

*Cf p 33 

t Phil Mag XIX (1841) p 260 ZovxiQ ^ SoientiJiG JPaper^ i p 60 

X Phil Mag XX (1841) p 98 cf also Phil Mag xxix (1843) p 204 
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this which determines the eleetiomotive force of the cell* 
The amount of energy which is changed from the cheniic il to 
the electrical foim m a given mterval of time is moasuied by 
the product of the strength of the chemical ailiinty into iIil 
quantity of chemicals decomposed m that time 01 (wliat is tin 
same thing) by the product of the electromotive foico ol the 
cell into the quantity of electricity which is ciiculated Ibis 
energy may be either dissipated as heat m conloimity (o 
Joules law or otherwise utilized in the outei cneuit 

The unportance of these principles was emplusizcil b> 
Hermann von Helmholtz (J 1821 d 1894) m a ineinoii whn li 
was pubhshed in 1847 and which will be 11101 e fully notitui 
presently and by W Thomson (Lord Kelvin) lu ISIlf, the 
equations have subsequently received only one iinpoitint 
modification, which is due to Helmholtz J Hehuholl/ pointc d 
out that the electrical energy furnished by a voltiic cell mul 
not be derived exclusively from the energy of tin chomu il 
reactions for the cell may also operate by ibsti icting lu at- 
energy from neighbouring bodies, and convuting this into 
electrical energy The extent to which this takes pluc is 
determined by a law which was discovered in IS'il by Ihonisuii 65 
Thomson showed that if ^ denotes the aiailable eiuigy’ a , 
possible output of mechamcal woik, of a system muutainal 
at the absolute temperature T then a fraction 

EdT 

of this work is obtained, not at the expense of the thtimal oi 

* The heat of formation ol a gramme molei ule of ZnSOi is gn liter tliim ttie Imiit 
of foimatitn of a giamme molecule of CuS 04 bv about 50 000 taloius ami mtli 
diyrfent metals 46 000 calories per grimme moleiuleconospondstouno in f of oiio 
so the e mf of a DameU cell should be 60/46 volts uhith w nimly the 

1“ Kelvin s Math and JBhys J^apers i pp 472 490 
t Berlin Sitzungsbei 1882 pp ^>2 825 1883 p 647 

n 29 ?Tn Kelvins JKhW, PAy, , 
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chemical energy of the system itself but at the expense of the 
thermal energy of neighbouring bodies Now in the case of 
the voltaic cell the pnnciple of Eoget Faraday and Joule is 
expressed by the equation 


wheie M denotes the available or electrical energy which is 
measured by the electromotive force of the cell, and where X 
denotes the heat of the chemical reaction which supplies this 
energy In accordance with Thomson s principle we must 
replace this equation by 


dT 


winch IS the correct relation between the electromotive force 
of a cell and the energy of the chemical reactions which occur 
in it In general the term X is much larger than the teim 
T dBjdT , but in certam classes of cells — e g , concentration 
cells— X 18 zeio, m which case the whole of the electrical 
energy is procured at the expense of the thermal energy of 
the cells’ surioundings 

Helmholtz s memoir of 1847 to which reference has already 
been made boie the title On the Oonseivation of Foice It 
was originally lead to the Physical Society of Berlin*, but 
though the younger physicists of the Society received it with 
enthusiasm the piejudices of the older generation prevented 
its acceptance for the Annalen der Physik, and it was eventually 
published as a separate treatise f 

L this memoii it was assertedj that the conservation of 


* On Jill) 23id 1847 

t Beilm Gr A Reimei English Tran lation in Tyndall & Francis Scientfie 
Memovrs p 114 Ihe publisher to Helmholtzs gieat suipiise gave him an 
honorarium Cl Hermmn von MehnkoltZf by Leo Koenigsbeigei English 
translation by F A Welby ° 

t Helmholu had been paitly anticipated by "W K (Jiove in his lectuies on 
the Oorrelatton of Biysunl Forces which were delivered in 1843 and published in 
1846 Glove after asserting that heat is pmely dynamical in its natuie and 
that the vaiious physical foioes may be transfoimed into each othei lemiiiked 
Ihe great pioblem which lemains to be solved in regard to the coirelalion 
( 1 physical forces is the establishment of their equivalent of power oi then 
measurable i elation to a given standard 
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energy is a universal principle of nature that the kinetic and 
potential energy of dynamical systems may he converted into 
heat accoiding to definite quantitative laws as taught by 
Eumford Toule, and Eobert Mayer* , and that any of these 
forms of energy may be converted into the chemical electro 
static voltaic and magnetic forms The latter Helmholtz 
examined systematically 

Consider first the energy of an electrostatic field It will 
be convenient to suppose that the system has been formed by 
continually bringing from a very great distance infinitesimal 
quantities of electricity proportional to the quantities already 
present at the various points of the system , so that the charge 
IS always distributed proportionally to the final distribution 
Let 6 typify the final charge at any point of space and Y the 
final potential at this point Then at any stage of the process 
the charge and potential at this pomt will have the values 
and X F, where X denotes a proper fraction At this stage let 
charges ed\ be brought from a great distance and added to the 
charges \e The work required for this is 

^ed\ XF, 

so the total work required m order to bring the system from 
infinite dispersion to its final state is 

26 F \d\ or iSeV 

By reasoning similar to that used in the case of electrostatic 
distributions it may be shown that the energy of a magnetic 
field, which is due to permanent magnets and which also 
contains bodies susceptible to magnetic induction is 



po(^dxdy dz, 


wheie /oo denotes the density of Poisson s equivalent magneti/a 

* Julius Eobert Mayei (h 1814 d lS/8) 'who was a modical man m Hexlbroan 
asserted the equivalence of heat and "w ork in 1842 Annal d Chemie xlu p 233 
his momoii like that ot Helmholtz was first declined by the editois of the 
Anualen dei Physik An English ti-anslation of one of Mayer s memoiis was 
punted in Phil Mag X3.v (1863) p 493 
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tion for the permanent magnets only and <p denotes the magnetic 
potential * 

Helmholtz moieovei applied the principle of energy to 
systems containing electiic currents For instance when a 
magnet is moved in the vicinity of a current the energy taken 
from the batteiy may be equated to the sum of that expended 
as Joulian heat and that communicated to the magnet by the 
electromagnetic force and this equation shows that the current 
IS not proportional to the electiomoti\e force of the battery 
le it leveals the existence of Jaradays magneto electric 
induction As however Helmholtz was at the time un 
acquainted with the conception of the electiokmetic energy 
stoied in connexion with a current his equations were for the 
most part defective But in the case of the mutual action of 
a current and a permanent magnet he obtained the correct 
result that the time integral of the induced electromotive 
force in the circuit is equal to the increase which takes 
place in the potential of the magnet toward** a current of a 
certain strength in the circuit 

The correct theory of the eneigy of magnetic and electro 
magnetic fields is due mainly to W Thomson (^Lord Kelvin) 
Thomson s researches on this subject commenced with one oi 
two short investigations regaidmg the ponderomotive forces 
which act on tempoiary magnets In 1847 he discussed t the 
case of a small non sphere placed in a magnetic field showing 
that it IS acted on by a ponderomotive foice represented by 
- giad cJt where c denotes a constant and E denotes the magnetic 
force of the field , such a spheie must evidently tend to move 
towards the places where is greatest The same analysis 
may be applied to explain why diamagnetic bodies tend to 
move as in Faradays experiments, fiom the stionger to the 
weaker parts of the field 

* W e suppose all tiansitions to be continuous so as to avoid the necessity for 
Milting suiface inte^^ials sepaintely 

t Gamb and Dub Math Journal ii (1847) p 230 W* Xhomson s JOapea 
on Llecto ostatics and Magnel%mi p 499 cf also Phil Mag i.xxvii (1860) 
p 241 
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Two years later Thomson presented to the Eoyal Society a 
memoir* m which the results of Poisson s theoiy of magnetism 
weie derived from experimental data without making use of 
the hypothesis of magnetic fluids, and this was followed m 
18o0 by a second memoir f m which Thomson drew attention 
to the fact previously noticed by Poisson, J that the magnetic 
intensity at a point within a magnetized body depends on the 
shape of the small cavity in which the exploring magnet is 
placed Thomson distinguished two vectors ono of these by 
latei writers generally denoted by B lepiesents the magnetic 
intensity at a point situated in a small crevice in the 
magnetized body when the faces of the crevice aie at light 
angles to the direction of magnetization , the vectoi B is always 
ciicuital The other vectoi, generally denoted by H lepiesents 
the magnetic intensity in a nanow tubular cavity tangential 
to the direction of magnetization , it is an iriotational vtctoi 
The magnetic potential tends at any point to a limit which is 
independent of the shape of the cavity m which the point is 
situated , and the space gradient of this limit is identical with 
H Thomson called B the magnetic force accoidmg to the 
electro magnetic definition and H the magnetic force accoid 
ing to the polar definition , but the names wagnd%t %ndiuti(m 
and magnetic force proposed by Maxwell, have been gentially 
used by later writers 

It may be lemarked that the vector to which haraday 
applied the term magnetic foice, and which ho repiescntcd 
by hues of force is not H but B , for the number of unit lines 
of force passing through any gap must depend only on the gap, 
and not on the particular diaphiagm filling up the gap across 
which the flux is estimated , and thi^ can be the case only if the 
vector which is represented by the lines of force is a circuital 
vector 

Trans 1851 p 243 Thomson's on Meet ami Mag p 346 

t Phil Trans 1861 p 269 J^apers on Meet and Mag p 382 
JCf p 64 

§ Loc cit § 78 of the oiiginal papei and § 617 of the lepiint 
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Thomson introduced a number of new terms into magnetic 
science— as indeed he did into every science m which he was 
interested The latio of the measure of the induced magnetiza- 
tion I* in a temporary magnet to the magnetizing force H 
he named the susceptlbihty , it is positive for paramagnetic and 
negative for diamagnetic bodies and is connected with Poisson s 
constant by the relation 

Z hp 

~ 4:Tr I -Ip 

where k denotes the susceptibility By an easy extension of 
Poisson s analysis it is seen that the magnetic induction and 
magnetic force aie connected by the equation 

B = H + 47rl 

wheie I denotes the total intensity of magnetization so if lo 
denote the permanent magnetization we have 

B = H + 47rlt + 47rlc 
=> fiK + 47rIo 

where /x denotes (1 + 47r/c) ya was called by Thomson the 
pci mealnhUj 

In 1851 Thomson extended his magnetic theory so as to 
include magnecrystallic phenomena The mathematical f ounda 
tions of the theoiy of magnecrj stallic action had been laid by 
anticipation long before the experimental disco veiy of the 
phenomenon, in a memoir read by Poisson to the Academy in 
lebruaiy 1824 Poisson as will be remembered had supposed 
tempoiary magnetism to be due to ' magnetic fluids movable 
within the infinitely small magnetic elements of which he 
assumed magnetizable mattei to be constituted He had not 
overlooked the possibility that in crystals these magnetic 
elements might be non spherical (e g ellipsoidal) and symmctri 
cally arranged , and had remarked that a poition of such 
a crystal when placed in a magnetic field would act in a 
manner depending on its orientation The relations connecting 

Cf p 65 
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the induced magnetization I with the magnetizing force H he 
had given in a form equivalent to 

/ = aHx + 5 Si, + c 'jSj 

[I = aJI^ + h Ey+cS 

Thomson now^ showed that the nine coefficients a b c 
introduced by Poisson are not independent of each other For 
a sphere composed of the magnecrystallme substance if placed 
in a uniform field of force would be acted on by a couple and 
the work done by this couple when the sphere supposed of 
unit volume, performs a complete revolution round the axis of x 
may be easily shown to be wE (1 - Ej; j IP) + c ) But this 

work must be zero since the system is restored to its piimiti\e 
condition , and hence b ' and c must be equal Similarly c' = a 
and a ' = &' By change of axes three more coefficients may be 
removed so that the equations may be bi ought to the form 

Ix — i^\Ex ly — K Ey I = KzE 

where ks may be called the f'ivnc'vpal magncho susceph 

bihties 

In the same year (1851) Thomson investigated the energy 
which as was evident from Faradays work on self-induction, 
must be stored m connexion with every electric current He 
showed that m his own words t the value of a current m a 
closed conductor left without electromotive force is the 
quantity of work that would be got by letting all the infinitely 
small currents into which it may be divided along the lines of 
motion of the electricity come together from an infinite distance 
and make it up Each of these infinitely small currents is of 
course in a ciicuit which is generally of finite length , it is the 
section of each partial conductor and the strength of the current 
m it that must be infinitely small 

* Phil Mag (4) 1 (1861) p 177 JPapcis on Electrobtatics and Magnetism^ 
p 471 

t Papers on Elects ostaties and Maqnet%sm p 446 
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Discussing next the mutual eneigy due to the approach of a 
permanent magnet and a circuit carrying a current, he arrived 
at the remarkable conclusion that in this case there is no 
electrokmetic energy which depends on the mutual action , the 
energy is simply the sum of that due to the permanent magnets 
and that due to the currents If a permanent magnet is 
caused to approach a circuit carrying a current the electromotive 
force actmg in the circuit is thereby tempoianly increased , the 
amount of energy dissipated as Joulian heat and the speed of 
the chemical reactions in the cells are temporarily inci eased also 
But the mcrease in the Joulian heat is exactly equal to the 
increase in the energy derived from consumption of chemicals, 
together with the mechanical woik done on the magnet by the 
operator who moves it , so that the balance of energy is peifect 
and none needs to be added to or taken from the electiokmetic 
form It will now be evident why it was that Helmholtz 
escaped in this case the errors into which he was led m other 
cases by his neglect of electrokmetic energy , foi in this case 
there was no electrokmetic energy to neglect 

Two years later m 185o Thomson* gave a new foiin to the 
expression for the energy of a system of permanent and 
temporary magnets 

We have seen that the energy of such a system is repiesented 

by 


\ 


p^^dxdydzy 


where po denotes the density of Poisson s equivalent magneti/a 
tion foi the permanent magnets, and ^ denotes the magnetic 
potential and wheie the integration may be extended over the 
whole of space Substituting for pn its value - div lo f the 
expression may be written in the form 


- 4 


div lo dx dy dz 


j 


^ Pioc Olasgow Phil Soo ui (1863) p 281 Kelvin a Math md J^hys 
Fape^s 1 p 621 f Of p r4 
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or integrating by parts 




(I„ gr&di ^)dxdydz oi 


(H la)dxdydz 


Since B = fiK + 4irIo this expression may be wiitteii in the 
form 


•-f 

Stt I 


(H B) dx dydz + — 

OTT 


/iH dxdydz, 


but the former of these integrals is eq^uivalent to 


(B grad <f)) dx dy dz or - j” 


<f> div "Bdxdy dz, 


which vanishes since B is a circuital vector The eneigy of the 
field therefore reduces to 


Stt 


fiWdxdydz 


integrated over all space, which is equivalent to Thomsons 
form* 

In the same memoir Thomson returned to the question of the 
energy which is possessed by a circuit in viitue of an oleeliic 
current circulating in it As he remarked the energy may 
be determined by calculating the amount of woik which 
must be done in and on the circuit in order to double the 
circuit on itself while the current is sustained in it with 
constant strength, for laraday’s experiments show that a 
eircmt doubled on itself has no stoied energy Thomson found 
that the amount of woik required may be expressed iii the foiin 
where i denotes the current strength and Z which is 
called the coefficient of self-vnduction, depends only on the foim of 
the circuit 

It may be noticed that in the doubling piocess the inherent 


The form actualh given hy Thomson was 


ifJJ 

M Inch reduces to the above when we neglect that part of I® whicli 
peimanent magnetism over m hich we hd\e no control 


xs due to the 
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electrodynamic energy is being given up, and yet the operator is 
doing positive work The explanation of this apparent paradox 
IS that the energy derived from both these sources is being 
used to save the energy which would otherwise be furnished by 
the battery and which is expended in Joulian heat 

Thomson next proceeded* to show that the energy which is 
stored in connexion with a circuit in which a current is flowing 
may be expressed as a volume-integral extended over the whole 
of space, similar to the integral by which he had already 
represented the energy of a system of permanent and temporary 
magnets The theorem as originally stated by its author, 
applied only to the case of a single circuit , but it may be 
established for a system formed by any number of circuits m 
the following way — 

If iVa denote the number of unit tubes of magnetic induction 
which aie hnked with the circuit in which a current is 
flowing the electrokinetic energy of the system is which 

may be written where 7, denotes the total current flowing 

through the gap formed by the 7*^* unit tube of magnetic indue 
tion But if H denote the (vector) magnetic force and TT its 
numerical magnitude it is known that (l/47r) integrated 
along a closed line of magnetic induction measures the total 
current flowing through the gap formed by the line The 
energy is therefore (I/Stt) S the summation being extended 
over all the unit tubes of magnetic induction and the Integra 
tion being taken along them But if dS denote the cross section 
of one of these tubes, we have BdB = 1 where B denotes the 
numerical magnitude of the magnetic induction B so the energy 
IS (I/Stt) '2BdS I Hds , and as the tubes fill all space we may 
replace ^dS\dB by J/J dxdydz Thus the energy takes the foim 
(I/Stt) JJf BHdxdydz where the integration is extended over the 
whole of space , and since in the present case B « fxH the energy 
may also be represented by f.iH'^dxdydz 

* NichoU Cyclopaedia 2nd ed 1860, article Magnetism dynamical 
relations of lepriiittd m Thomson s Papei 9 on Elect and Kao , p 447 and 
his Math and Fhys lapers p o32 
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But this IS identical with the form which was obtained for 
a field due to permanent and temporary magnets It thus 
appears that in all cases the stored energy of a system of 
electric currents and permanent and tempoiary magnets is 

fjuH^ dx dy dz^ 

where the integration is extended over all space 

It must however be remembered that this represents only 
what in thermodynamics is called the available energy , and 
it must further be remembered that part even of this available 
eneigy may not be convertible into mechanical work within the 
limitations of the system e g the electrokmetic energy of a 
current flowing in a single closed perfectly conducting circuit 
cannot be converted mto any other foim so long as the ciicuit 
is absolutely rigid All that we can say is that the changes in 
this stored electrokmetic energy correspond to the work fiunished 
by the system in any change 

The above foim suggests that the eneigy may not be localized 
in the substance of the circuits and magnets but may be distri 
buted over the whole of space an amount (fiJEl^lSir) of eneigy 
bemg contamed in each unit volume This conception was 
afterwards adopted by Maxwell in whose theoiy it is of 
fundamental importance 

While Thomson was investigating the energy stored in 
connexion with electric currents the equations of flow of the 
currents were bemg generalized by Gustav Kiichhog (b 1824 
d 1887) In 1848 Elirchhoff^ extended Ohm’s theoiy of lincai 
conduction to the case of conduction m three dimensions , this 
could be done without much difficulty by making use of the 
analogy with the flow of heat which had pioved so useful to 
Ohm In Kirchhoff’s memoir a system is supposed to hi 
formed of thiee dimensional conductors through which steady 
currents are flowmg At any pomt let V denote the “ tension 
01 electroscopic force — a quantity the significance of which 

^Ann d Phya lxx7 (1848) p 189 KirchhofiTs Qcs Ahhmdl p 83 
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m electrostatics was not yet correctly known Then within 
the substance of any homogeneous conductor the function V 
must satisfy Laplace s equation V'® 0 , while at the air surface 

of each conductor the denvate of V taken along the noimal 
must vanish At the inteiface between two conductors formed 
ot different materials, the function V has a discontinuity 
which IS measured by the value of Volta s contact force foi the 
two conductors and moreover the condition that the curient 
shall be continuous across such an interface requires that 
M V/dN shall be continuous where ^ denotes the ohmic specific 
conductivity of the conductoi and d/dN denotes difierentiation 
along the normal to the inteiface The equations which have 
now been mentioned suffice to determine the flow of electricity 
in the system 

Kirchhofi also showed that the currents distribute them 
selves in the conductors in such a way as to generate the least 
possible amount of Joulian heat, as is easily seen, since the 
quantity of Joulian heat generated in unit time is 



wheie h as befoie denotes the specific conductivity , and this 
integral has a stationary value when V satisfies the equation 



Kirchhoff next applied himself to establish harmony between 
electrostatical conceptions and the theoiy of Ohm That 
theory had now been before the world for twenty yeais and 
had been veiified by numerous expeiimental researches, in 
particular a caieful investigation was made at this time (1848) 
by Eudolph Kohlrausch {h 1809, d 1858), who showed* that 
the difference of the electric tensions at the extremities of a 
voltaic cell measuied electrostatically with the circuit open 
was for different cells proportional to the electromotive foice 


Ann d Phys Ixxv (1848), p 220 
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measured by the electrodynamie effects of the cell with the 
circuit closed, and further * that when the ciicuit was closed 
the difference of the tensions measured electrostatically, at anj 
two points of the outer circuit was proportional to the olninc 
resistance p.yiatmg between them But in spite of all that li id 
been done it was still uncertain how tension or ‘ ekclio 
scopic force or electromotive foice should be inteipiotid 
in the language of theoietical electiostatics , it will hu 
remembered that Ohm himself perpetuating a contusion whiih 
had originated with Volta had identified electioscopic ioiu 
with density of electric charge, and had assumed tint (ht 
electricity in a conductor is at rest when it is distiibutid 
uniformly throughout the substance of the conductoi 

The uncertainty was finally removed in 1849 by Kiichhofi t 
who identified Ohms electioscopic foice with the elect! ostiitu 
potential That this identification is eoriect may ho set n 1)> 
comparmg the different expressions which have been obtauu d 
for electric energy, Helmholtzs expiessionj shows that the 
energy of a unit charge at anyplace is piopoitionil to tin 
value of the electiostatic potential at that place, while louk s 
iesult| shows that the energy hberated by a unit cliaige ni 
passing from one place in a cricuit to another is piopottioii il 
to the difference of the electric tensions at the two plans It 
follows that tension and potential are the same thing 

The work of Kirchhoff was followed by sevcial ollin 
mvestigations which belong to the borderland between dntiu 
statics and electrodynamics One of the first of these was tin 
study of the Leyden jar discharge 

Early in the century Wollaston iii the couise ot his i \pni 
ments on the decomposition ot water had observed thit whin 
the decomposition is effected by a dischaige of static eloetiuiti, 
the hydrogen and oxygen do not appear at sepaiate eleetiodcs , 
but that at each electrode there is evohed a mixtuie of tin 


^ Ann d Phys Ixxviii (1849) p 1 
-Ib lxs:vm(1849) p 606 Kirchhoff s 
xxsvii (1860) p 463 
+ Cf p 24'> 


Ahhandl p 
?Cf p 239 


49 


Phil Kiifc (3) 
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gases as if the cuirent had passed through the water in. both 
directions After this F Savary* had noticed that the 
disehaige of a Leyden jar magnetizes needles in alternating 
layeis and had conjectuied that ‘the electric motion during 
the discharge consists of a series of oscillations’ A similar 
lemark was made in connexion with a similar observation by 
Joseph Henry (& 1799 d 1878) of Washington, in 1842 1 
The phenomena he wrote, require us to admit the existence 
of a principal dischaige in one direction, and then several reflex 
actions backward and forward each more feeble than the 
preceding until equilibrium is restored Helmholtz had 
repeated the same suggestion m his essay on the conservation 
of energy and in 1853 W IhomsonJ verified it by 
investigating the mathematical theory of the discharge as 
follows — 


Let G denote the capacity of the jar i e the measure of the 
charge when there is unit difference of potential between the 
coatings , let denote the ohmic resistance of the discharging 
circuit and L its coefficient of self induction Then if at 
an} instant t the chaige of the condenser be Q and the 
current in the wire be ^ we have x = dQjdt , while Ohm s law 
modified by taking self induction into account gives the 
equation 


JR/b + L 


d% 

dt 


G 


Eliminating i we have 



4 - 4 - ^ n 


an equation which shows that when EG <4Z, the subsidence 
of Q to zero is effected by oscillations of peiiod 




* Annalcs de Chinue \xxiv (1S27) p 6 
tPioo Am Phil Soc ii (1842) p 193 

I Phil Mag (4) V (1853), p 400 Kelvins Math and Fhys Fapeis i 
P ^40 
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This simple result may be legaided as the heginiiiiig ot thi 
theory of eleotne oscillations 

Thomson was at this time much engaged in the pio)»knis 
of submarine telegraphy, and thus he was led to (\ininu 
the vexed question of the “velocity of elcctiicit) oiei long 
insulated wires and cables Various woikeis hid ni uh 
experiments on this subject at difleient tinns hut with 
hopelessly discordant results Then attempts had gtiui illj 
taken the form of measuring the interval of time bctwnn tin 
appearance of sparks at two spark gaps m tlic sum cimnt 
between which a great length of wire intervened l)ut whuh 
were brought near each other m order tint tlu distliaigis 
might be seen together In one series ot t \]ii iimeiits 
performed by Watson at Shooter s Hill in 1747-S * thi tiK ml 
was four miles m length two miles thiough win ind two 
miles through the ground, bit the discharges aiijieaiid to hi 
perfectly simultaneous, whence Watson eoncludtd that tlu 
velocity of propagation of electric effects is too j,ieit to la 
measurable 

In 1834 Charles Wheatstone t Professor of I \perimtntal 
Philosophy in Kmgs College London by examining in i 
revolvmg mirroi sparks formed at the extremities of a (iinut 
found the velocity of electricity in a copper win, to bo about 
one and a half times the velocity of light In 1850 II I'l/tan 
andE Gounelle J experimenting with the telegiaph liius liom 
Pans to Eouen and to Amiens obtained a velocity about oiu 
third that of light for the propagation of clcctiu ity in an non 
wire and nearly two thirds that of light for tlu propagation 
m a copper wne 

The first step towards explaining these discnpaiicus was 
made by Paraday who^ early m 1854 showed expeiiminUlly 
that a submarine cable formed of copper wire coicicd with 

PM Trans xlv (1748) pp 49 491 
t Phil irons 1834 p 583 

Comptes Eendus xxx (1850) p 437 

§ Pioc Eoy Inst Jan 20 1854 Phil Mag Jiin.> 1861 
PP 508 521 


^ iifv 111 
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gutta percha may be assimilated exactly to an immense 
Leyden battery , the glass of the jars represents the gutta 
percha, the internal coating is the surface of the copper wiie 
while the outei coatmg corresponds to the sea watei It 
follows that in all calculations i elating to the propagn,tion of 
electric disturbances along submarine cables the electiostatic 
capacity of the cable must be taken into account 

The theory of signalling by cable originated in a cone 
spondence between Stokes and Thomson in 1854 In the case 
of long submarine lines the speed of signalling is so much 
limited by the electrostatic factor that electro-magnetic indue 
tion has no sensible effect , and it was accordingly neglected in 
the mvestigation In view of other applications of the analysis 
however we shall suppose that the cable has a self induction Z 
per umt length and that B denotes the ohmic lesistance and 
C the capacity per unit length V the electric potential at a 
distance x from one teiminal and i the current at this place 
Ohms law as modified for mductance is expressed by the 


equation 


dV _ 


+ B/i , 


moreover since the rate of accumulation of charge in unit 
length at (T is - di/dx and since this mci eases the potential 
at the rate - (llG)d%ldx we have 

dt dx 

Eliminating ^ between these two equations, we have 
C W 0f 


•which IS known as the egmtwn of telegrafh/y • 

Thomson ui one of his letterst to Stokes m 1854 
obtained this equation in the form which applies to Atlantic 
cables i e with the term m L neglected In this fonn it is 

* We have net,lecled leakage m hich is beside our present puipose 
tProc Hoy Soc May 1S5 d Kelvin s mid Phys Fapers u p 61 
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the same as Fouuers equation for the lineai piopagation of 
heat so that the known solutions of Fourier s theory may be 
used m a new mterpretation If we substitute 


we obtain 

X = ± (1 + - 1) (nGB)^ 3 


and therefore a typical elementary solution of the e(|uatioii is 


The form of this solution shows that if a regulai huiuomc 
variation of potential is applied at one end of a cxble the i)lust. 
IS propagated with a velocity which is propoitionil to the 
square root of the frequency of the oscillations sinct tlieuloio 
the different harmonics aie propagated with diffeiont velocitH s 
it IS evident that no definite velocity of transmission is to be 
expected for ordinary signals If a potential is 8uddcnl> xpplied 
at one end of the cable a certain time elapses before the cuiu ut 
at the other end attains a defimte percentage of its maximum 
value, but it may easily be shown"^ that this letiidation is 
proportional to the square of the length of the cable, so tliat 
the apparent velocity of propagation would be less, the gicatti 
the length of cable used 

The case of a telegraph line insulated in the an on poLs is 
different from that of a cable, foi here the capacity is small, 
and it IS necessary to take into account the inductance 11 in 
the general equation of telegraphy we wiite 

Y — 1 + 

we obtam the equation 

_ _ -S / /? n Vi 
2L- ’ 

as the capacity is small we may replace the quantity uiidoi the 
radical by its second term and thus we see that a typical 
elementary solution of the equation is 

V = e 2-C 

• This resiilt indeed follows at once from the theory of dimensions 



257 


Middle of the Nineteeulh Ceniuvy 

this shows that any harmonic disturbance, and therefore any 
disturbance whatever, is propagated along the wiie with 
velocity (fill) i The difference between propagation in an 
aenal wire and propagation in an oceanic cable is, as Thomson 
lemarked similar to the difference between the propagation 
of an impulsive pressure through a long column of fluid in a 
tube when the tube is rigid (case of the aerial wire) and when 
it IS elastic so as to be capable of local distension (case of the 
cable the distension corresponding to the effect of capacity) 
in the former case as is well known the impulse is propagated 
with a deflnite velocity namely the velocity of sound in the 
fluid 

The work of Thomson on signalling along cables was followed 
in 1857 by a celeorated investigation* of Kirchhoffs on the 
propagation of electric disturbance along an aerial wire of 
ciicular cross section 

Kiichhoff assumed that the electiic charge is practically all 
lesident on the surface of the wire and that the cuircnt is 
uniformly distributed ovei its cross section , his idea of the 
current was the same as that of lechner and Webei namely 
that it consists of equal sti earns of vitreous and resinous elec- 
tiicity flowing in opposite directions Denoting the electric 
potential by F the charge per unit length of wire by e the 
length of the wiie by I and the ladius of its cioss section by a, 
he showed that Fis detei mined approximately by the equationf 

F = 2e log (l/a) 

* Ann d Phys o (18o7) pp 193 261 KirclihofP s Qes Abhandl p 131 
Phil Mag xiu (1867), p 393 

t His method ot obtaining this equation was to calculate sepaiately the effects of 
(1) the portion of the wire within a distance e on eithei side of the point con 
sidered where € denotes a length small compared ^uth I, but large compared witli a 
and (2) the rest ot the wire He thus obtained the equition 

r = log +1 — 

C6 J 1 

where the integration IS to hetiken ovei all the length of the wire except the 
portion 26 the equation given in the text m as then derived by an approximation 
which howevei i open to some objection ^ 

S 
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The next factor to be consideied is the mutual induction of 
the current elements in different parts of the wire Assuming 
with Weber that the electromotive force induced in an element 
ds due to another element ds' carrying a current % is derivable 
from a vector potential 

(r dsQ r 


Kirchhofif found for the vector potential due to the entire wire 
the approximate value 

= 2 ^ log (Z/a), 


where % denotes the strength of the current,"^ the veetoi 
potential bemg directed parallel to the wire Ohm s law then 
gives the equation 



1 


where k denotes the specific conductivity of the material of 
which the wire is composed, and finally the principle of 
conservation of electricity gives the equation 


9 ^ 

'dx dt 

Denoting log (Z/a) by 7 , and eliminating e,^ w from these four 
equations we have 

1 9F 

doi? & dP' 2yKTra^ dt 

which is as might have been expected the equation of telegraphy 
When the teim m 9 Vjdt is ignored as we have seen is in ceitain 
cases permissible the equation becomes 

d^V 1 9^F 
dx c df ’ 


This expression was denved in a sinnlai ay to that foi V by an intermediate 
foimula 

^ , 2€ [ids 

log 1- — cos d cos d 

a Jr 

here 0 and 6 denote respectn ely the angles made with r by ds and ds 
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which shows that the electne disturbance n, propagated along the 
vnie mth the velocity c* Kirchhoffs piocedure has in fact 
nil olved the calculation of the capacity and bclf induction of 
the wire and is thus able to supply the definite values of the 
quantities which were left undetermined in the general equation 
of telegraphy 

The velocity c whose importance was thus demonstrated has 
already been noticed in connexion with Weber s law of force , 
it IS a factor of proportionality which must be introduced when 
electrodynamic phenomena are described in teims of units which 
have been defined electrostatically f or conversely when units 
which have been defined electiodynamicallyj are used in the 
desciiption of electiostatic phenomena That the factor which 
IS introduced on such occasions must be of the dimensions 
(length/time) may be easily seen for the electrostatic re 
pulsion between electric charges is a quantity of the same 
as the electrodynamic repulsion between two definite lengths of 
wire eanying currents which may he specified by the amount 
of charge which travels past any point in unit time 

Shortly before the publication of Kirchhoffs memoir the 
value of e had been determined by Webei and Kohliausch§ , 
their determination rested on a comparison of the measures of the 
charge of a Leyden jar as obtamed by a method dependmg 
on electrostatic attraction, and by a method depending on the 

• In leferiing to the original memoiis of Weber and Ivirchhoff it must be 
remembeied that the quantity which m the present work is denoted hy c and 
which repiesents the velocity of light in free aether, was hy these waters denoted 
bv Weber in fact denoted by c the relative velocity with which two charges 
must approach each othei in order that the force between them as calculated by 
hi8 formula should vanish 

It must also be remembered that those writers who accepted the hypothesis 
that currents consist of equal and opposite sti earns of vitreous and resinous 
electriuty were accustomed to write 2i to denote the current stiength 

1 1 e defining unit electric charge as that which exerts unit ponderomotne 
force on a conductor at unit distance which carnes an equal charge and then 
defining unit cmieut as that which conveys umt charge in unit time 

{ le defining unit cunent by means of the pondoromotive foice which it 
exeits on an equal cmrent when the two cuirents flow m ciicuits of specified 
foim at a specified distance apait 
§ Ann d Phys xcix (1856) p 10 
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magnetic effects of the current produced by disehaigmg the jar 
The resulting value was neaily 

c = 3 1 X 10*" cm /sec , 

which was the same within the limits of the errors of measure 
ment as the speed with which light travels in interplanetary 
space Thecomcidence was noticed by Kirchhoff who was thus 
the first to discover the important fact that the velocity with 
which an electnc disturbance is piopagated along a peifectly 
conductmg aerial wire is equal to the velocity of light 

In a second memoir published in the same year, Kiichhofi* 
extended the equations of propagation of electric distuibance 
to the case of three dimensional conductors 

As in his eailier investigation he divided the electromotive 
force at any point into two parts of which one is the gradient 
of the electrostatic potential and the other is the derivate 
with respect to the time (with sign reversed) of a vector 
potential a , so that if i denote the current and h the specific 
conductivity Ohm s law is expressed by the equation 


\ = Tc{c^ grad </> - a) 

Kirchhoff calculated the value of a by aid of Webers foiinuli 
for the inductive action of one current element on another, 
the result is 


a = 


r dx dif d/ 


(r i)r, 


where r denotes the vector fiom the point (x y z) at which a is 
measured, to any other point {x y z)oi the conductor at which 
the current is i'' , and the integration is extended over the whole 
volume of the conductor The remaining general equations aie 
the ordinary equation of the electrostatic potential 
V + 47rp = 0 

(wheie p denotes the density of electric charge) and the equation 
of conservation of electi city 

^ + div 1 == 0 
ot 

♦Ann d Phvs cii (1857) p 629 Ges ibhandl p 154 
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It will be seen that Kirchhoff s electiical researches were 
greatly influenced by those of Weber The latter investiga 
tions however did not enjoy unquestioned authority , for there 
was still a question as to whethei the expressions given by 
Webei for the mutual energy of two current elements and for 
the mutual eneigy of two electrons were to be preferred to the 
rival formulae of Neumann and Eiemann The matter was 
examined in 1870 by Helmholtz in a senes of memons*' to 
which reference has already been made t Helmholtz reinaiked 
that for two elements ds ds carrying currents % the electro 
dynamic energy is 

n^(ds ds ) 

T 

according to Neumann and 

ds)(r ds) 

according to Weber, and that these expressions differ fiom 
each other only by the quantity 

{- C03(c?g 6Z5) + C0s(7 cZs) COS ds)\ 
d^T 

01 %%'dsds' -r-T7 J 

dsds 


since this vanishes when integrated round either circuit, the 
two foimulae give the same result when applied to entire 
cui rents A general formula including both that of Neumann 
and that of Weber is evidently 


^^^(ds dsQ 


+ h%%' 


d ? 
dsds 


dsds 


wheie h denotes an arbitiary constant J 

Helmholtz s lesult suggested to Clausius^ a new form tor 
the law of force between electrons , namely that which is 

* Journal fur Math Ixxii (18/0) p >7 Ixxv (1873) p 35 Kxvm (18/4) 
p 273 tCf p 229 

J; Cf H Lamb Proc Lontl Math Soc xiv (1883) p ^01 
§ Journal fur Math Ixxxii (1877) p 85 Phil Ma^ , x (1880) p 26 ; 
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obtained by supposing that two electrons ot charges c, e and 
■velocities v v' possess electrokinetic energy of amount 


ee {y V ' 


7 U/ •/ 

+ 1 ee -r-— m 
as as 


Subtracting from this the mutual electrostatic potential eneigj 
which IS ee c jo we may write the mutual kinetic potential of 
the two electrons in the form 


— {xx yy zz' - c^) + ] ee 

where {x y, z) denote the coordinates of e, and (x , y ^ z) 
those of e 

The unknown constant k has cleaily no influence so long as 
closed circuits only are considered if h be leplaced by zuio, 
the expression for the kinetic potential becomes 


/ / o\ 

— {xx ■¥ yy + zz - r), 


which as will appeal later closely lesembles the coiiesponding 
expression in the modern theory of elections 

Clausius formula has the great advantage ovei Weber s that 
it does not compel us to assume equal and opposite velocities 
for the vitreous and resinous charges in an electric cunent, 
on the othei hand, Clausius expression involves the absolute 
velocities of the electrons while Webers depends only on their 
relative motion, and therefore Clausius theory lequiies the 
assumption of a fixed aether in space to which the velocities 
V and V may be lef erred 

When the behaviour of finite electrical systems is predicted 
from the foimulae of Weber Riemann and Clausius the three 
laws do not always lead to concoidant results For instance if 
a circular current be rotated with constant angular \elocity 
round its axis according to Webers law there would be a 
development of free elecbiicity on a stationary conductor in the 
neighbourhood , whereas according to Clausius formula there 
would be no mduction on a stationaiy body but electrification 
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would appeal on a body turning with the circuit as if 
rigidly connected with it Again,* let a magnet be suspended 
within a hollow metallic body and let the hollow body be 
suddenly charged oi discharged, then according to Clausius 
theory the magnet is unaffected, but according to Webei s 
and Eiemanns theories it experiences an impulsive couple 
And agam if an electrified disk be rotated in its own plane 
under certain circumstances a steady current will be induced in 
a neighbourmg circuit according to Webers law but not 
according to the other formulae 

An interesting objection to Clausius theory was brought 
forward m 1879 by Frohlichf — namely that when a charge of 
free electricity and a constant electric current are at rest 
relatively to each other but paitake together of the translatory 
motion of the earth in space, a force should act between them if 
Clausius law were true It was however shown by BuddeJ 
that the circuit itself acquires an electrostatic charge partly 
as a result of the same action which causes the force on the 
external conductor and partly as a result of electrostatic 
induction by the charge on the external conductor , and that the 
total force between the circuit and external conductor is thus 
reduced to zero ^ 

We have seen that the discrimination between the different 
laws of electrodynamic force is closely connected with the 
question whether in an electric current there are two kinds of 
electricity moving in opposite directions or only one kind 
moving in one direction On the unitary hypothesis that the 

Ihe two following cru lal experiments 'with oiheis wcie suggested by 
E Budde Ann d Phys xxx (1887) p 100 
t Ann d Phys ix (1880) p 261 
J Ann d Phys x (1880) p 563 

§ This case of a charge and cunent moving side by side was afterwards 
examined by Fitz Gerald (Trans Eoy I)iib Sjc i 1882 Soieni WritmgB of 
O F F%tzOefald p 111) without reference to Clausius foimula fiorn the 
standpoint of Maxwell s theory The result obtained was the same— nameh 
that the electricity induced on the conductor carrying the cunent neutralizes the 
ponderomotiye force between the current and the external charge 
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current consists in a transport of one kind of electricity with a 
definite velocity relative to the wire, it might be expected that 
a coil rotated rapidly about its own axis would generate a 
magnetic field different from that produced by the same coil 
at rest Experiments to determme the matter were performed 
by A Eoppl* and by E L Nichols and W S Franklin, t but 
with negative results The latter mvestigators found that the 
velocity of electricity must be such that the quantity conveyed 
past a specified point in a unit of time, when the diiection of 
the current was that in which the coil was travelling did not 
differ from that transferred when the current and coil were 
moving m opposite directions by as much as one part in ten 
million even when the velocity of the wire was 9096 cm /sec 
They considered that they would have been able to detect 
a change of deflexion due to the motion of the coil even though 
the velocity of the current had been considerably greater than 
a thousand million metres per second 

Duiing the decades in the middle of the century consider 
able progress was made in the science of thermo electricity 
whose begmnmgs we have already described J In Faradays 
laboratory note book under the date July 28th 1836 we 
read§ — ‘ Surely the converse of theimo electricity ought to be 
obtained experimentally Pass current through a circuit of 
antimony and bismnth ^ 

Unknown to Faraday the experiment here indicated had 
alieady been made although its author had arrived at it by a 
different tram of ideas In 1834 Jean Charles Peltiei|| (J 1785 
d 1845) attempted the task which was afterwards performed 
with success by Joule of measuring the heat evolved by the 
passage of an electric current through a conductor He found 
that a current produces in a homogeneous conductor an elevation 

* Ann d Ptjs x^vu (1886) p 410 

t Amer Jour Sci xxxvii (1889j, p 103 

t Cf pp 92 93 § Bence Jone3 s u p 76 

II Annales de Cliimie Ivi (1834) p 371 IT Cf p 239 
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of temperature which is the same in all parts of th( con due toi 
where the cross-section is the same, hitt he did not succeed lu 
connecting the thermal phenomena quantitative!} with ilu 
strength of the current — a failure which was due chiclly to tlu 
circumstance that his attention was fixed on the use <»l 
temperature rathei than on the amount of the licit ovolxed 
But incidentally the mvestigation led to an impoitaut (lisco\(>i> 
— namely that when a current was passed in succession thiou^h 
two conductors made of dissimilar metals there was an evolutu^u 
of heat at the junction , and that this depended on the diiee tiou oi 
the current, for if the junction was heated when the ciuitnt 
flowed in one sense it was cooled when the current flowed in tlu 
opposite sense This PelUer effect as it is called, is quite clistnu t 
from the ordinary Joulian liberation of heat in which tlio 
amount of energy set free in the thermal form is unallcctt d b) 
a reversal of the current , the Joulian effect is, in fact piopoi 
tional to the square ot the current strength while the J\ Itu i 
effect IS proportional to the current strength diicctly Ilu 
Peltier heat which is absorbed from external souicts when i 
current % flows for unit time thiough a junction from oiu mttal 
B to anothei metal A may therefore be denoted by 

K{T) ^ 

where T denotes the absolute temperatuie of the junction 'I lu 
function {P) IS found to be expiessible as tlie dihouuKo of 
two paits of which one depends on the met;al A only, and tlu 
other on the metal B only , thus we can wiite 

n^W = n^W-n^(^) 

In 1851 a general theory of thermo eleotiio phenomena was 
constructed on the foundation of Seebeoks* and I’cltiei h (Iih 
covenes by W Thomson f Oousidei a cuciut ol two 

* Cf pp 92, 93 

t Proc ES Edmb ui (1861), p 91 Phil Mag m(18>2) p 52) Wm m 
Math and Thys Fapetft i p 316 Cf also Irana E S 1 (hub XKX (IS)1) 
p 123 leprmted in i p 232 and Phil Irans , 1856 lopimtt d in « 

11, p 189 
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metals A and B and let one junction be maintained at a 
slightly higher temperature (T + than the temperature T 
of the other junction As Seebeck had shown a theimo electiic 
current will be set up in the circuit Thomson saw that such 
a system might be regarded as a heat engine which absorbs a 
ceitain quantity of heat at the hot junction and converts part 
of this into electrical energy liberating the rest m the form of 
heat at the cold junction If the Joulian evolution of heat be 
neglected the piocess is reversible and must obey the second 
law of thermodynamics , that is the sum of the quantities of 
heat absorbed each divided by the absolute temperature at 
which it IS absorbed must vanish Thus we have 

n^(r-f gr) iii(T) 

T+ST T 


so the Peltier effect 11^(5’) must be diiectly proportional to 
the absolute temperatuie T This lesult howevei as Thomson 
well knew was contradicted by the observations of Gumming 
who had shown that when the temperature of the hot junction 
is graduallyincreased the electromotive force rises to a maximum 
value and then decreases The contradiction led Thomson to 
predict the existence of a hitherto unrecognized theimo electiic 
phenomenon — namely a reversible absorption of heat at places 
in the circuit othei than the junctions Suppose that a cuirent 
flows along a wire which is of the same metal throughout but 
varies in temperature from point to point Thomson showed 
that heat must be liberated at some points and absorbed at 
others so as either to accentuate or to dimmish the diffeiences 
of temperature at the different points of the wire Suppose 
that the heat absorbed from external sources when unit 
electric charge passes from the absolute temperature T to the 
temperature {T + ^T) m a metal A is denoted by S^(T) ST 
The thermodynamical equation now takes the corrected foim 


UjiT-^ST) 

T 




T 
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bince the metals A and B are quite independent this gives 


01 


n^(2’ + sr) 

T+hT 




d 


rp - ( n.(y) 
dr\ I 


Ihis equation connects Thomsons specific heat of electricity 
Si{T) with the Peltier effect 

In 1870 P Gr Tait* found experimentally that the specific 
heat of electricity in pure metals is proportional to the absolute 
temperature We may therefore write S^iT) = <t^T wheie 
cTi denotes a constant characteiistic of the metal A The 
thermodynamical equation then becomes 

d { UAT) ) ^ 
dl\ T ] 

01 

where denotes another constant characteristic of the metal 
The chief part of the Peltier effect arises from the teim tt 
B y the investigations which have been desciibed in the 
present chapter the theory of electric currents was considerably 
advanced in several directions In all these researches how 
ever attention was fixed on the conductor carrying the current 
as the seat of the phenomenon In the following period, interest 
was centred not so much on the conductois which carrv charges 
and cui rents as on the processes which take place in the 
dielectric media around them 


* 1 roc R S Edinb vii(1870) p 808 Cf also Batelli Atti della R Ace di 
lorino, xxii (1886) p 48 translated Phil Mag \xiv (1887) p 295 
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MAXWELL 

Since the tune of Descartes natural philosophers have never 
ceased to speculate on the mannei in which electric and 
magnetic influences are transmitted through space About 
the middle of the nineteenth century speculation assumed a 
definite form and issued in a rational theory 

Among those who thought much on the mattei was Kail 
Friedrich Gauss (5 1777 d 1855) In a lettei* to Weber of 
date March 19 1845 Gauss remarked that he had long ago 
proposed to himself to supplement the known forces which act 
between electric charges by other forces such as would cause 
electric actions to be propagated between the charges with a 
fimte velocity But he expressed himself as determined not 
to publish his researches until he should have devised a 
mechanism by which the transmission could be conceived to 
be effected , and this he had not succeeded m doing 

More than one attempt to realize Gauss s aspiration was 
made by his pupil Eiemann In a fragmentary note,t which 
appears to have been written in 1853 but which was not 
published until after his death Eiemann proposed an aethei 
whose elements should be endowed with the power of resisting 
compression and also (hke the elements of MacOullagh s 
aethei) of resisting changes of orientation The former pro 
perty he conceived to be the cause of gravitational and 
electrostatic effects and the latter to be the cause of optnal 
and magnetic phenomena The theory thus outlined was 
apparently not developed fuither by its author, but in a short 
investigation! which was published posthumously in 1867 he 

Oauss We'ike v p 629 t Riemann s 2 And p 626 

{Ann d Phys csx\i (1867) p 237 Eiemann s W&iU 2 AujEl p 288 
Phil Mag xxxiv (1867) p 368 

§ It ha 1 been presented to the Crottingen Academy v\ 1858 but afterwards 
withdrawn 
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returned to the question of the process by which electric action 
IS propagated through space In this memoir he proposed to 
replace Poissons equation for the electiostatic potential, 
namely 

V2r+47rp = 0 

by the equation 

la^F , . 

according to which the changes of potential due to changing 
electrification would be propagated outwards from the charges 
with a velocity c This, so far as it goes, is m agreement with 
the view which is now accepted as coirect, but Riemanns 
hypothesis was too slight to serve as the basis of a complete 
theory Success came only when the properties of the inter- 
vening medium w ere taken into account 

In that power to which Gauss attached so much importance 
of devising dynamical models and analogies foi obscure physical 
phenomena, perhaps no one has ever excelled W Thomson*, 
and to him jointly with Faraday is due the ciedit of having 
initiated the theoiy of the electiic medium In one of hia 
earliest papers, wiitten at the age of seventeen f Thomson 
compared the distribution of electrostatic force in a region 
contaming electrified conductorb with the distribution of the 
flow of heat in an mfinite solid the equipotential surfaces in 
the one case correspond to the isothermal surfaces in the other 
and an electric charge corresponds to a source of heat J 

^ As will appear from the piesent chapter Maxwell had the same powei in a 
^ ery maiked degree It has always been cultivated by the Cambridge school 
of natural philosopneis 

t Oamb Math Journal iii (Feb 1842) p 71 repi inted in Thomson sPflsjo^r^ 
on "Electrostalics and MagneU&m p 1 Also Camb and Bub Math Journal 
Nov 1845 reprinted in i p 16 

X As regards this comoaiison ihomson had been anticipated by Chasles 
Journal de I Ec Polyt xv (1837) p 266 who had shown that atti action accord 
mg to Newton s law gives use to the same fields as the steady conduction of heat 
both depending on Laplace s equation v F = 0 

It will be remembei ed that Ohm had used an analogy betv een thei nial conduction 
and galvanic phenomena 
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It may perhaps seem as if the value of such an analogy 
as this consisted merely in the prospect which it offered of 
comparing and thereby extending the mathematical theories 
of heat and electiicity But to the physicist its chief interest 
lay rather in the idea that formulae which relate to the electiic 
field, and which had been deduced from laws of action at a 
distance weie shown to be identical with foimulae relating to 
the theory of heat which had been deduced fiom hypotheses 
of action between contiguous particles 

In 1846— the year after he had talcen his degree as second 
wrangler at Cambridge— Thomson investigated* the analogies 
of electric phenomena with those of elasticity For this purpose 
he exammed the ecj^uations of equihbrium of an incompressible 
elastic solid which is m a state of strain, and showed that 
the distribution of the vector which represents the elastic 
displacement might be assimilated to the distribution of the 
electiic force in an electrostatic system This however as he 
went on to show is not the only analogy which may be 
perceived with the equations of elasticity , for the elastic 
displacement may equally well be identified with a vector a 
defined m terms of the magnetic induction B by the relation 

curl a = B 

The vector a is equivalent to the vector potential which 
had been used m the memoirs of Neumann Weber, and 
Kirchhoff on the mduetion of currents , but Thomson arrived 
at it independently by a diffeient process and without being at 
the time aware of the identification 

The results of Thomsons memoir seemed to suggest a 
picture of the propagation of electric or magnetic force might 
it not take place in somewhat the same way as changes in the 
elastic displacement are transmitted through an elastic solid ? 
These suggestions were not at the time pursued further 
by their author, but they helped to inspire another young 

• Camb and Dub Math Joum u (1847) p 61 Ihomson s Math and Fhyi 
Fapeis i p 76 



Maxwell 


271 


Cambridge man to take up the matter a few years latei 
James Clerk Maxwell by whom the problem was eventually 
sohed was born in 1831, the son of a landed proprietor in 
Dumfriesshire He was educated at Edinburgh and at Tiinity 
College Cambridge of which society he became in 1855 a 
Eellow, and not long after his election to Fellowship he 
commumcated to the Cambridge Philosophical Society the first 
of his endeavours* to form a mechanical conception of the 
electro magnetic field 

Maxwell had been reading Faraday^s Ejbjperimental Be 
searches, and gifted as he was with a physical imagination 
akm to Faraday s he had been profoundly impressed by the 
theory of Imes of force At the same time he was a trained 
mathematician, and the distinguishing feature of almost all 
his researches was the union of the imaginative and the 
analytical faculties to produce results partaking of both 
natures This first memoir may be regarded as an attempt to 
oonnect the ideas of Faradaj with the mathematical analogies 
which had been devised by Thomson 

Maxwell considered first the illustration of Faraday’s lines 
of force which is affoided by the lines of flow of a liquid The 
lines ot force lepresent the direction of a vector, and the 
magnitude of this vector is everywhere inversely proportional 
to the cross section of a narrow tube formed by such lines 
This relation between magnitude and direction is possessed by 
any circuital vector , and in particular by the vector which 
represents the velocity at any point in a fluid if the fluid be 
incompressible It is therefoie possible to represent the 
magnetic induction B which is the vector represented by 
Faraday’s lines of magnetic foice as the velocity of an incom 
pressible fluid Such an analogy had been indicated some 
years previously by Faraday himself t who had suggested that 
along the lines of magnetic force there may be a dynamic 
condition,’ analogous to that of the electiic current and 

* liana Cajnb Phil isoc, i. p 27 MaxM oil s i p 165 

t Hzp Se$ § 3269 (1852) 
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that in fact the physical lines of magnetic force axe 
currents 

The comparison with the lines of flow of a liquid is 
applicable to electric as well as to magnetic lines of force In 
this case the vector which corresponds to the velocity of the 
fluid IS in fiee aether the electric force E But when diffeient 
dielectrics aie present in the field the electric force is not a 
circuital vector and therefore cannot be represented by lines 
of force 3 in fact, the equation 

div E = 0 

IS now replaced by the equation 

div (eE) = 0 

where £ denotes the specific inductive capacity oi dielectiic 
constant at the place (^, y z) It is, however evident fiorn 
this equation that the vector aE is circuital , this vector, 
which will be denoted by D bears to E a i elation similar to 
that which the magnetic induction B bears to the magnetic 
force H It is the vectoi D which is repiesented by i iiadiy s 
hues of electric force and which in the hydiodynanncal 
analog} corresponds to the velocity of the incompressible fluid 

In compaimg fluid motion with electric fields it is necessary 
to introduce sources and sinks into the fluid to coi respond to 
the electric charges , for D is not circuital at places wheie thcie 
IS free charge The magnetic analogy is theiefoie somewhat 
the simpler 

In the latter half of his memoii Maxwell discussed how 
Faraday s electrotonic state might be represented in mathe^ 
matical symbols This pioblem he solved by borrowing fiom 
Thomsons investigation of 184*7 the vector a which is defined 
m terms of the magnetic induction by the equation 

curl a = B 3 

if with Maxwell we call a the elcctrotomc intensity, the 
equation is equivalent to the statement that ‘ the entire 
electrotonic intensity round the boundaiy of any suiface 
measuies the number ot lines of magnetic force which pass 



Maxwell 


273 


through that surface The electromotive force of induction at 
the place (a: y d^jdt as Maxwell said, the electromotive 
foice on any element of a conductor is measured by the 
instantaneous late of change of the electro tonic intensity on 
that element From this it is evident that a is no othei than 
the vector potential which had been employed by Neumann 
AVeber and Kirchhoff in the calculation of induced currents , 
and we may take* for the electrotonic intensity due to a 
current flowing in a circuit s the value which lesults from 
Neumann s theory namely, 



It may however be remarked that the equation 

curl a = B 


taken alone is insufficient to determine a uniquely , for we can 
choose a so as to satisfy this and also to satisfy the equation 

div a = ' 

where ^ denotes any arbitrary scalar There are therefore an 
infinite numbei of possible functions a ‘With the particulai 
value of a which has been adopted we have 


div a 



dj& 9 * 

h “ 


dA/ Z A dz 

-I- — -i' — 

T dz ^ r 


dx 


0 

dx 


I"* 


d{- 

, V. 


= 0 , 


so the vector potential a which we have chosen is circuital 
In this memoir the physical importance of the operators 
m,7l and d%v fiist became evidentf , foi in addition to those 
appheations which have been mentioned Maxwell showed that 


• Cf p 224 

t riiese operators had however otomied frequently in the wntings of Stokes 
especially in his memoir of 1849 on the J)ijnam%cal Theo) y of Dvffi actio * 

1 
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he connexion between the stiength i of a current and the 
magnetic field H to which it gives use may be represented by 
the equation 

^ 47ri = curl H , 

this equation is equivalent to the statement that the entire 
magnetic intensity round the boundary of any surface measures 
the quantity of eleetnc current which passes thiough that 

surface ^ 

In the same year (1856) in which Maxwells investigation 
was published, Thomson* put forward an alternative iiitei 
pretation of magnetism He had now come to the conclusion 
from a study of the magnetic rotation of the plane of polariza 
tion of hght that magnetism possesses a lotatory charactei , 
and suggested that the resultant angular momentum of the 
f-.bArTnal motions of a body t might be taken as the measure of 
the magnetic moment The explanation he wrote of all 
phenomena of electromagnetic attraction oi repulsion or of 
electromagnetic induction is to be looked foi simply in the 
mertia or pressure of the matter of which the motions 
constitute heat Whether this matter is or is not eleotrieitj 
whether it is a contmuous fluid interpermeating the spaces 
between molecular nuclei or is itself molecularlj grouped oi 
whether all matter is contmuous and molecular heterogeneous 

ness consists in finite vortical or other relative motions of 

» 

contiguous paits of a body it is impossible to decide, and 
pel haps m vaiu to speculate, in the present state of science 
The two interpretations of magnetism, in which the lineai 
and rotatory characters respectively aie attributed to it occur 
frequently m the subsequent history of the subject Ihe 
former was amplified in 1858 when Helmholtz published his 
researches:!: on vortex motion , for Helmholtz showed that if a 

*Proc Hoy Soc viu (1866) p 160 xi(1861) p 327 footnote Phil Muj, 
xiu (18o7) p 198 BalUmore Lectures Appendix F 

tTlns was written shortlj before the kinetic theoiy of giisos was developed 
by Clausius and Maxw ell 

{Journal fur Math Iv (1858) p 26 Helmholtz s Wiss Ahh i p 101 
translated Phil Mag xxxni (1867) p 486 
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magnetic field produced by electric currents is compared to the 
flow of an incompressible fluid, so that the magnetic vector is 
represented by the fluid velocity then the electric currents 
correspond to the vortex filaments in the fluid This analogy 
correlates many theorems m hydrodynamics and electricity , 
for instance the theorem that a re entrant vortex filament is 
eqmvalent to a uniform distribution of doublets over any 
surface bounded by it corresponds to Ampere s theorem of the 
equivalence of electric currents and magnetic shells 

In his memoir of Maxwell had not attempted to 

construct a mechanical model of electrodynamic actions but 
had expiessed his intention of doing so By a careful study 
he wiote* of the laws of elastic solids and of the motions of 
VISCOUS fluids I hope to discover a method of forming a 
mechanical conception of this electiotonic state adapted to 
general reasoning , and in a foot note he referred to the effort 
which Thomson had already made in this direction Six yeais 
elapsed however before anything further on the subject was 
published In the meantime Maxwell became Professor of 
Natural Philosophy in King s College, London — a position m 
which he had oppoitumties of personal contact with laraday 
whom he had long reverenced Faraday had now concluded 
the Ex'^ervrm'rdcbl Resecurches and was living in retirement at 
Hampton Court , but his thoughts frequently recurred to the 
great problem which he had brought so near to solution It 
appears from his note book that in 1857t he was speculating 
whether the velocity of propagation of magnetic action is of the 
same order as that of light and whethei it is affected by the 
susceptibility to induction of the bodies through which the 
action IS transmitted 

The answer to this question was furnished in 1861-2 
when Maxwell fulfilled his promise of devising a mechanical 
conception of the electromagnetic field f 

B Scientijio Fapers i p 188 

t Bence Jones s Lije of JPmadatj up 379 

+ Phil Mag XXI (1861) pp 161 281 338 xxiii (1862) pp 12 85 

Max^^ells Scientific Taper ii i p 451 
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In the interval since the publication of his previous inemoii 
Maxwell had become convinced by Thomson’s arguments that 
magnetism is m its nature rotatory The transference of 
electrolytes in fixed directions by the electric cuiient and the 
rotation of polarized light in fixed directions by magnetic force 
aie he wiote the facts the consideration of which has 
mduced me to regard magnetism as a phenomenon of rotation 
and electric currents as phenomena of tianslation This con- 
ception of magnetism he brought into connexion with Paiaday s 
idea that tubes of force tend to contract longitudinally and to 
expand laterally Such a tendency may be attributed to 
centrifugal force if it be assumed that each tube of foice 
contains fluid which is in lotation about the axis of the tube 
Accordingly Maxwell supposed that in any magnetic field, the 
medium whose vibration*^ constitute light is in rotation about 
^he hnes of magnetic force, each unit tube of foice may foi the 
present be pictured as an isolated vortex 

The energy of the motion pei unit volume is proportional 
to /xH wheie denotes the density of the medium and H 
denotes the hnear velocity at the circumference of each voitex 
But as we have seen Thomson had already shown that the 
energy of any magnetic field whether produced by magnets or 
by electric currents is 

1 f(f 

^ jLiH® dx dy dz 

J J 

where the integration is taken over all space and where n 
denotes the magnetic permeability and H the magnetic foice 
It was therefore natural to identify the density of the medium 
at any place with the magnetic permeability, and the circum- 
ferential velocity of the voitices with the magnetic force 
But an objection to the proposed analogy now presents 
itself Since two neighbouring vortices rotate in the same 
direction the particles m the circumference of one voitev must 
be moving m the opposite direction to the pai ticks contiguous 

* Cf pp 248 250 



Maxwell 


277 


to them in the circumfeience of the adjacent vortex , and it 
seems therefore as if the motion would be discontinuous 
Maxwell escaped from this difficulty by imitating a well known 
mechanical arrangement When it is desiied that two wheels 
should revolve in the same sense an ‘ idle wheel is inserted 
between them so as to be in gear with both The model of the 
electromagnetic field to which Maxwell arrived by the intro 
duction of this device greatly resembles that proposed by 
Bernoulli in 1736 * He supposed a layer of particles acting as 
idle wheels to be interposed between each vortex and the next, 
and to roll without sliding on the vortices , so that each vortex 
tends to make the neighbouring vortices revolve in the same 
duection as itself The particles were supposed to be not other 
wise constrained so that the velocity of the centie of any 
particle would be the mean of the circumfeiential velocities of 
the vortices between which it is placed This condition yields 
(in suitable units) the analytical equation 

47ri = curl H 

where the vector i denotes the flux of the particles so that its 
X component denotes the quantity of particles transferred 
in unit time across unit area perpendicular to the x diiection 
On comparing this equation with that which represents Oersted s 
disco\ciy it IS seen that the flux i of the movable particles 
intei posed between neighbouring voitices is the analogue of 
the electric cm rent 

It will be noticed that in MaxwelTs model the relation 
between electric current and magnetic force is seemed by a 
connexion which is not of a dynamical but of a purely kine 
matical character The above equation simply expresses the 
existence of certain non holonomic constraints within the 
system 

If from any cause the rotatory velocity of some of the 
cellular vortices is altered the disturbance will be propagated 
from that part of the model to all other parts by the mutual 

^Of p 100 



278 


Maxwell 


action of the particles and vortices This action is determined 
as Maxwell showed bv the relation 

= - curl E 

which connects E the force exerted on a unit quantity of 
particles at any place in consequence of the tangential action 
of the vortices with H the rate of change of velocity of the 
neighbouring vortices It will be observed that this equation 
is not kmematical hut dynamical On comparing it with the 
electiomagnetic equations 

( curl a = juH, 

I Induced electromotive force = - a, 
it is seen that E must be inteipieted electromagnetically as the 
induced electromotive force Thus the motion of the particles 
constitutes an elect iic current the tangential force with which 
they are pressed by the matter of the vortex cells constitutes 
electromotive force and the pressure of the particles on each 
other may be taken to correspond to the tension or potential of 
the electricity 

The mechanism must next be extended so as to take account 
of the phenomena of electrostatics Eor this purpose Maxwell 
assumed that the particles when they are displaced from their 
equilibrium position in any direction, exert a tangential action 
on the elastic substance of the cells, and that this gives rise 
to a distortion of the cells which in turn calls into play a 
force arising from their elasticity equal and opposite to the 
force which urges the pai tides away fiom the equilibiium 
position When the exciting force is removed the cells lecovei 
their form and the electricity returns to its foimer position 
The state of the medium in which the electric pai tides are 
displaced in a definite direction is assumed to lepiesent an 
electrostatic field Such a displacement does not itself con 
stitute a current, because when it has attained a certain value 
it remains constant , but the variations of displacement are to 
be regarded as currents in the positive or negative diiection 
accordmg as the displacement is increasing or diminishing 



Maxwell 


279 


The conception of the electrostatic state as a displacement 
of something fiom its equilibrium position was not altogether 
new although it had not been previously piesented in this 
form Thomson as we have seen had compared electric foice 
to the displacement in an elastic solid , and Faraday who had 
likened the particles of a ponderable dielectric to small con 
ductors embedded in an insulating medium * had supposed that 
when the dielectric is subjected to an electrostatic field, there 
IS a displacement of electric charge on each of the small 
conductors The motion of these charges when the field i*^ 
varied, is equivalent to an electric current and it was from 
this precedent that Maxwell derived the principle, which became 
of cardinal importance in his theory that variations of displace 
ment aie to be counted as currents But in adopting the 
idea, he altogether transfoimed it, for Faraday s conception of 
displacement was applicable only to ponderable dielectrics and 
was m fact introduced solely in order to explain why the 
specific inductive capacity of such dielectrics is different fiom 
that of free aether, wheieas according to Maxwell there is 
displacement wherever there is electiic force whether material 
bodies aie present or not 

The difference between the conceptions of Faraday and 
Maxwell in this respect may be illustrated by an analogy 
drawn from the theory of magnetism When a piece of non 
IS placed in a magnetic field there is induced in it a magnetic 
distribution say of intensity I, this induced magnetization 
exists only within the iron, being zero m the fiee aether 
outside The vector I may be compared to the polaiization 
or displacement which according to Faraday is induced in 
dielectrics by an electric field, and the electiic current con 
stituted by the variation of this polarization is then analogous 
to 91/9^ But the entity which was called by Maxwell the 
electric displacement in the dielectric is analogous not to I, 
but to the magnetic induction B the Maxwellian displace 


* Of p 210 
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merit current coriesponds to 0B/3^ and may therefore have a 
value different from zero even in free aether 

It may be remarked m passing that the term d%splacemfnt 
which was thus intiodueed and which has been retained in 
the later development of the theory, is perhaps not well chosen , 
what m the early models of the aether was represented as an 
actual displacement has in later investigations been conceived 
of as a change of structuie lather than of position in the 
elements of the aether 

Maxwell supposed the electromotive foice acting on the 
electric particles to be connected with the displacement D 
which accompanies it by an equation of the foim 


4c7rC, " 

where c. denotes a constant which depends on the elastic 
properties of the cells The displacement-current D must now 
be mserted in the relation which connects the current with 
the magnetic force , and thus we obtam the equation 

curl H = 4jrS 

where the vector S which is called the total current, is the 
sum of the convection current i and the displacement current 
D By performing the operation ckv on both sides of this 
equation it is seen that the total current is a ciicuital vectoi 
In the model the total eurient is represented by the total 
motion of the rolling particles, and this is conditioned by thi 
rotations of the loitices in such a way as to impose the 
kmematic relation 

div S = 0 


Having obtamed the equations of motion of his system 
0 vortices and particles Maxwell proceeded to determine the 
late of propagation of distuibances through it Ho considered 
m particular the case in which the substance represented is a 
lelectnc, so that the conduction-euirent is zero If moreover 
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the constant \x be supposed to have the value unity the 
equations may be written 

div H = 0 
- curl H = E 
- curl E = H 

Eliminating E we see* that H satisfies the equations 
jdiv H = 0 

I H = Cl V^H 

But these are precisely the equations which the light-vector 
satisfies in a medium in which the velocity of propagation is Ci 
it follows that disturbances aie propagated through the model 
by waves which are similar to waves of light the magnetic 
(and similarly the electric) vector being m the wave-fiont 
For a plane polarized wave piopagated paiallel to the axis of s; 
the equations reduce to 

— __ 9-^a; ^ 2 _ 'dE j dEy ^ dSx dEx dHy 

^ dz dt ‘ 02? " dt dz ^ dt ”” "a7 ” 
whence we have 

^\ELy — Ex “• ClHx ” Ey ^ 

these equations show that the electric and magnetic vectors aie 
at light angles to each other 

The question now arises as to the magnitude of the constant 
Cl f This may be determined by comparing diffeient expressions 
foi the energy of an electrostatic field The work done by an 
electro notive force E m producing a displacement I) is 

B 

E or JED 

Jo 

per unit volume since E is proportional to D But if it be 
assumed that the eneigy of an electiostatic field is resident iii 
the dielectric the amount of eneigy per unit volume maj be 

^ Foi if a denote any vector e have idenlically 

V a + {jiad div a + curl curl a = 0 

t Foi criticiams on the procedure by which Maxwell determined the velocity of 
piopagation of distuibance cf P Duhem les Jheoiiea Mecttiquea de J Cleth 
Maxwell Pans 1902 
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calculated by considering the mechanical force required in 
order to increase the distance between the plates of a condensei 
so as to enlarge the field comprised between them The lesnll 
IS that the energy per unit volume of the dielectiic is sE /Sw 
where e denotes the specific inductive capacity ot the ditlcctut 
and E denotes the electric foice measured in teims of tlie 
electrostatic unit if E denotes the electric force expressed iii 
terms of the electrodynamie units used in the present in\ esti 
a-ation we have E = cE where c denotes the const int which* 

o 

occuis m transformations of this kind The energy is theiefoio 
tE /Sttc per unit volume Comparing this with the cvpitR^^iou 
for the energy m terms of E and D we have 

D == 6E/47rC , 


and therefore the constant c, has the value rg ^ ihus the 
result is obtained that the velocity of propagition of dis- 
turbances in Maxwells medium is ce^ wheie c denotes tlu 
specific mduetive capacity and c denotes the velocity foi which 
Kohlrausch and Weber had foundf the value )! x 10^® cm /sec 
Now by this time the velocity of light was known not only 
from the astronomical observations of abeiiation and olJupiit i s 
satelktes but also by direct terrestrial experiments In 1849 
Hippolyte Louis Tizeau]: had determined it by lotating a 
toothed wheel so rapidly that a beam of light transmitted 
through the gap between two teeth and leflected back liom a 
mirror was eclipsed by one of the teeth on its retiuu jouincy 
The velocity of light was calculated from the dimensions and 
angular velocity of the wheel and the distance of the iniiioi , 
the result being 3 15 x 10^® cm /sec ^ 


T Of p 260 

A determination made tv Cornu in 


*Cf pp 227 259 

Comptes Eendus xxix (1849) p 90 
18/4 was on this principle 

§ A diflerent expenmental method waa employed in 18G2 by Icon Tom anil 
(Comptes Eendue Iv np 501 792) m this a ray fiom an origin O Mas leflo. t«l 
bv a revolTing minor M to a. fixed mirror, and so lefleoted back to 1/ and agiim 
1 tiT ^ returning ray dO must be deviated by twite the 

S bS''‘®Thl ^ turns while the light passes Irom V to the Led mirroi 

and hack The value thus obtained by Foucault for the velocity of light was 
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Maxwell was impressed as Kirchhoff had been before him 
by the close agreement between the electric ratio c and the 
velocity of light* , and having demonstrated that the propaga 
tion of electric distuibance resembles that of light, he did not 
hesitate to assert the identity of the two phenomena We 
can scarcely avoid the infeience he said that light consists 
in the transverse undulations of the same medium which is the 
can‘^e of electric and magnetic phenomena Thus was answered 
the question which Priestley had asked almost exactly a hundred 
years before t Is there any electric fluid genefr%$ at all 
distinct from the aether ? 

The piesence of the dielectric constant c in the expression 
ce i which Maxwell had obtained for th<^ velocity of propaga 
tion of electromagnetic disturbances suggested a fiuther test 
of the identity of these disturbances with light for the velocity 
of light in a medium is known to be inversely pioportional to 
the refractive index of the medium and therefore the refractive 
index should be according to the theory proportional to the 
square root of the specific inductive capacity At the time 
however, Maxwell did not examine whether this relation 
was confirmed by expeiiment 

In what has preceded the magnetic permeability fi has been 
supposed to have the value unity If this is not the case the 

2 98 x lO’o cm /sec Subsequent determinations by Micbelson in 1871) (Abt 
1 aperb of the Amer Ephemens i) and by Newcomb in 1882 (%b%d ii) depended 
on the same pnnciple 

As was shown aftei wards by Lord Rayleigh (Natuie, xxiv p 3S2, xxv, p 52) 
and by Gibbs (Nature xxxm p 582) the value obtained for the velocity of light 
by the methods of Ijizeau and Foucault represents the group velocity not the u:ave 
velocity the eclipses of Jupiter s satellites also give the gioup velocity while the 
value deduced from the coefficient of abei ration is the wave velocity In a non 
dibpersive medium the group velocity coincides with the wave velocity and the 
agi eement of the values of the velocity of light obtained by the two astronomical 
methods seems to negative the possibility of any appreciable dispersion m free 
aether 

The velocity of light in dispersive media was dnectly mvestigated by Micbelson 
in 1883-4 with results in accordance with theory 

^ He had worked out the formulae in the country before seeing Weber s 
lesult Cf Campbell and Garnett s Lvfe of Maxvuell p 244 
t Piiestley s Bistory, p 488 
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velocity of piopagation of disturbance may be shown by the 
same analysis to be ^ so that it is diminished when ju is 
greater than unity i e in paramagnetic bodies This infeience 
had been anticipated by Faraday ' Nor is it likely he wrote, 
that the paramagnetic body oxygen can exist in the air and 
not retard the transmission of the magnetism 

It was inevitable that a theory so novel and so capacious as 
that of Maxwell should involve conceptions which his contempo 
raries understood with difficulty and accepted with reluctance 
Of these the most difficult and unacceptable was the principle 
that the total current is always a circuital vector, oi as it is 
generally expressed that all currents are closed According 
to the older electricians a current which is employed in charging 
a condenser is not closed but teiminates at the coatings of the 
condenser where charges are accumulating Maxwell on the 
other hand taught that the dielectric between the coatings 
is the seat of a process — the duplacement current — which is 
proportional to the rate of increase of the electiic force m the 
dielectric , and that this process produces the same magnetic 
effects as a true cuirent and forms so to speak a continuation 
through the dielectric, of the charging current so that the 
latter may be regarded as flowing in a closed circuit 

Another chaiactexistic feature of Maxwell s theory is the 
conception— foi which as we have seen he was largely indebted 
to Faraday and Thomson — that magnetic energy is the kinetic 
energy of a medium occupying the whole of space and that 
electric energy is the eneigy of strain of the same medium 
By this conception electromagnetic theory was brought into 
such close parallelism with the elastic solid theories of the 
aether that it was bound to issue in an electromagnetic theoiy 
of light 

Maxwells views were piesented in a more developed foim 
m a memoir entitled A Dynamical Theory of the Flectro 
magnetic Field which was read to the Eoyal Society in 1864 ,f 

Faraday s latoratoiy note book for l8o7 cf Bence Jones s Lxfe of Faraday 
11 p 380 

tPhil Trans civ (186,) p 499 Maxw ell s Fapert i p 626 
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in this the architecture of his system was displayed stripped of 
the scaffolding by aid of which it had been first erected 

As the equations employed were for the most part the same 
as had been set forth in the previous mvestigation they need 
only be briefly recapitulated The magnetic induction /iH being 
a circuital vector may be expressed in teims of a vector potential 
A by the equation 

liSi = curl A 

The electric displacement D is connected with the volume- 
density p of fiee electric charge by the electrostatic equation 

div D = p 

The principle of conservation of electricity yields the equation 
div 1 = - 3p/0^, 

where i denotes the conduction current 

The law of induction of cui rents — namely that the total 
electromotive force in any circuit is proportional to the rate of 
decrease ot the number of lines of magnetic induction which 
pass through it — may be written 

- curl E = fxR , 

from which it follows that the electric force E must be expressible 
in the form 

E = - A + grad 

where \p denotes some scalar function The quantities A and 
which occur in this equation are not as yet completely deter- 
minate 5 for the equation by which A is defined in terms of the 
magnetic induction specifies only the circuital part of A , and as 
the irrotational part of A is thus indeterminate it is evident 
that ijj also must be mdeterminate Maxwell decided the matter 
by assuming* A to be a circuital vector , thus 

div A = 0 

and therefore div E = - 

^ This IS the effect of the intioduction of (J?* G -Hf ) in § 98 of the memoii 
cf also Maxwell s Treatise on Mectricvty and Magnetism § 616 
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from which equation it is evident that repiesents the electro 
static potential 

The principle which is peculiar to Maxwell s theory must 
now be introduced Currents of conduction are not the only 
kmd of currents , even in the older theory of Faiaday Thomson 
and Mossotti it had been assumed that electric charges 
are set in motion in the particles of a dielectric when the 
dielectric is subjected to an electric field , and the prede 
cessors of Maxwell would not have refused to admit that the 
motion of these charges is in some sense a curient Suppose 
then that S denotes the total cuirent which is capable of 
generating a magnetic field since the integral of the magnetic 
force round any curve is proportional to the electric current 
which flows through the gap enclosed by the ciuve we have in 
suitable units 

curl H = 47rS 

In order to determine S, we may consider the case of a con 
denser whose coatings are supplied with electricity by a 
conduction current i per unit-area of coating If ± o- denote 
the surface density of electric chaige on the coatings we have 

% - dcrldtf and a = D 

where D denotes the magnitude of the electric displacement D 
in the dielectric between the coatmgs , so i = D But since the 
total current is to be circuital its value m the dielectric must 
be the same as the ^alue i which it has in the rest of the 
circuit , that is the current in the dielectric has the value B 
We shall assume that the current in dielectiics always has this 
value so that in the general equations the total current must 
be understood to be i + B 

The above equations togethei with those which express the 
proportionality of E to B in insulators, and to i in conductors 
constituted Maxwells sjstem foi a field formed by isotropic 
bodies which are not m motion When the magnetic field is 
due entirely to currents (including both conduction currents 
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and displacement currents) so that there is no magnetization 
we have 

V® A = - curl curl A = - curl H 
= -47rS 

so that the vector potential is connected with the total current 
hj an equation of the same form as that which connects the 
scalar potential with the density of electric charge To these 
potentials Maxwell inclined to attribute a physical significance , 
he supposed to be analogous to a pressure subsisting in the 
mass of particles in his model and A to be the measure of 
the electrotonic state The two functions are however of 
meiely analytical interest and do not correspond to physical 
entities Toi let two oppositely charged conductors placed 
close to each other give rise to an electrostatic field throughout 
all space In such a field the vector potential A is everywhere 
zero, while the scalar potential \fj has a definite value at every 
point Now let these conductors discharge each other , the 
electrostatic force at any point of space remains unchanged 
until the point m question is reached by a wave of disturbance 
which IS piopagated outwards from the conductors with the 
velocity of light and which annihilates the field as it passes 
over it But this order of events is not reflected in the 
behaviour of Maxwell s functions xjj and A , for at the instant 
of discharge \p is everywhere annihilated and A suddenlj 
acquires a finite value throughout all space 

As the potentials do not possess any physical significance 
it IS desirable to remove them from the equations This was 
afterwards done by Maxwell himself who* in 1868 proposed 
to base the electromagnetic theory of light solely on the 
equations 

curl H = 47rS, 

- curl E = B, 

together with the equations which define S in terms of E and B 
in teims of H 

♦ PljLil Tians clvm (1S68) p 643 Maxw ell s JPapers u p 126 
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The memoir of 1864 contained an extension ot the equations 
to the case of bodies in motion, the consideiation of which 
naturally revives the question as to whethei the aethei is m 
any degree carried along with a body which moves thiough it 
Maxwell did not formulate any express doctime on this subject , 
but his custom was to treat matter as if it were meiely a 
modification of the aether distinguished only by altered 
values of such constants as the magnetic permeability and 
the specific inductive capacity, so that his theory may be 
said to involve the assumption that matter and aether move 
together In deriving the equations which are applicable to 
moving bodies he made use of Faradays principle that the 
electromotive force induced m a body depends only on the 
relative motion of the body and the lines of magnetic force 
whether one or the other is in motion absolutely Fiom this 
prmciple it may be inferred that the equation which detei mines 
the electric force* in terms of the potentials, m the case of a 
body which is moving with velocity w is 

E = [w julS] ~ a + grad \fj 

MaxweE thought that the scalar quantity \fj in this equation 
lepresented the electrostatic potential, but the researches of 
other investigators! have indicated that it lepresents the sum 
of the electrostatic potential and the quantity (A w) 

The electromagnetic theory of hght was moreover extended 
m this memoir so as to account for the optical propeities of 
crystals For this purpose Maxwell assumed that in ciystals 
the values of the coefficients of electric and magnetic induction 
depend on direction so that the equation 

fiK = curl A 

IS replaced by 

nJEL ) = curl A , 

* It may be heie remarked that later wuteis have distinguished between the 
eleetnc force m a moving body and the electiic force m the aether thiough which 
the body is moving and that E in the present ecpiation corresponds to the foriuoi 
of these vectors 

t Helmholtz Journ fui Math Ixxviii (1874) p 309 H W Watson Phil 
Mao^ (5) XXV (1888), p 271 
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and similaily the equation 


E = 47rc^D/£ 

IS replaced by 

E = 47r C%By, 

The other equations are the same as in isotropic media , so that 
the propagation of disturbance is readily seen to depend on the 
equation 


{fxiSx fizSj = -curl (ci^ (curl iZ)a:, C 2 ®(curljH‘jy, C 32 (curl^ ) 


Kow if fxi jUL fjii are supposed equal to each other, this 
equation is the same as the equation of motion of MacCullagh s 
aether in Cl ystalline media* the magnetic force H con espondmg 
to MacCullagh s elastic displacement , and we may therefore 
immediately infer that Maxwells electromagnetic equations 
yield a satisfactory theory of the propagation of light in 
ciystals provided it is assumed that the magnetic permeability 
IS (for optical purposes) the same in all directions and pro 
vided the plane of polarization is identified with the plane 
which contains the magnetic vector It is readily shown that 
the diiection of the ray is at right angles to the magnetic 
vector and the electric force and that the wave front is the 
plane of the magnetic vector and the electric displacement f 
After this Maxwell proceeded to investigate the propagation 
of light in metals The difference between metals and dielectrics, 
so far as electricity is concerned is that the former are con 
ductoLS, and it was therefore natural to seek the cause of the 
optical properties of metals in their ohmic conductivity This 
idea at once suggested a physical reason for the opacity of 
metals — namely that within a metal the energy of the light 
vibrations i^ converted into Joulian heat in the same way as 
the energy of ordinary electric currents 


* Cf pp 154 et sqq 

f In the memoii of 1864 Maxwell left open thecnoice between the above theory 
and that which is obtained by assuming that in crystals the specific inductive 
rapaaty is (for optical pui poses) the same in all directions vhile the magnetic 
peimeability is aeolotiopic In the latter case the plane of polaiization must be 
identified vith the plane which contains the electric displacement Nine yeais 
later in his Treatise (§ 794) Maxwell definitely adopted the former alternative 

U 
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The equations ot the electromagnetic field in the metal may 
be written 

/ curl H = 4wS, 

I - curl E = H, 

\ S = 1 + D = fcE + fE/47r<^ 

where k denotes the ohmic conductivity , whence it is seen that 
the electric force satisfies the equation 

sE + 4c7rKC E =c®V E 

This IS of the same form as the corresponding equation in 
the elastic-solid theory* , and like it furnishes a satisfactoiy 
geneial explanation of metallic reflexion It is indeed comet 
in all details so long as the period of the disturbance is nol loo 
short — 1 e so long as the light waves considered belong to the 
extreme mfra-red region of the spectrum , but if we attempt to 
apply the theoiy to the case of ordinary light we aie contiontcd 
by the difficulty which Lord Eayleigh indicated in the elastic 
solid theory t and which attends all attempts to explain tlu 
peculiar properties of metals by inserting a viscous tenu in 
the equation The difficulty is that in ordei to account toi thi 
properties of ideal silver we must suppose the coefficient ot 
E negative — that is the dielectiic constant of the metal must 
be negative which would imply instability of elcctucal 
equihbnum m the metal The problem as we have aheady 
remarked t was solved only when its relation to the thtoiy oi 
disper'Jion was rightly undeistood 

At this time important developments were in piognss in 
the last named subject Since the time of licsnel theoncs ot 
dispersion had proceeded§ fiom the assumption that the ladii 
of action of the particles of luminiferous media aic so laigt 
as to be comparable with the wave length of light It was 
generaUy supposed that the aether is loaded by the molecule s 
* Of p ISO 

tCf p 181 Ot also EayleiglL Phil Mag {o) xii (1881) p 81 and 
H A. Lorentz Ovet de Theo^%e de Terugkmtmig Ainhem 1870 
J Cf p 181 j Cf- p 132 



Maxmell 


291 


of ponderable matter and that the amount of dispersion 
depends on the ratio of the •wa\ e length to the distance 
between adjacent molecules This hypothesis was, howevei 
seen to be inadequate when m 1862 F P Leroux* found that 
a prism filled with the vapour of iodine refracted the red rays 
to a gi eater degree than the blue rays, foi in all theories 
which depend on the assumption of a coarse grained lumini 
feious medium, the refractive index increases with the frequency 
of the light 

Leroux’s phenomenon to which the name anomalous du 
’perswn was given was shown by later investigatorsf to be 
generally associated with surface colour le the property of 
biilhantly leflecting incident light of some particular frequency 
Such an association seemed to indicate that the dispersive 
property of a substance is intimately connected with a certain 
frequency of vibration which is peculiar to that substance and 
which when it happens to fall within the limits of the visible 
spectrum is apparent m the surface colom This idea of a 
frequency of vibration peculiar to each kind of ponderable 
matter is found m the writings of Stokes as fai back as the 

year 1852 ,J when discussing fluorescence he remarked 

Nothing seems more natural than to suppose that the incident 
vibrations of the luminiferous aether produce vibratory move 
ments among the ultimate molecules of sensitive substances 
and that the molecules in turn swinging on their own account 
produce vibrations m the luminiferous aether and thus cause 
the sensation of light The periodic times of these vibrations 
depend on the peuods in which the molecules are disposed to 
swing, not upon the periodic time of the incident vibrations ’ 
The principle here introduced of considering the molecules 
as dynamical systems which possess natural free periods, and 
which interact with the incident vibrations, lies at the basis of 

• Comptes Eondus Iv (1862) p 126 la 1870 0 Chiistiansea (Ann d Phys 
oxh p 479 oxliu p 250) observed a Binalai effect m a solution of fuchsia 

t Especially bv Eundt in a senes of papers in the Annalen d Phvs fioni 
vol cxlii (1871) onwards * 

X Pbil Trans Iboii, p 463 Stokes s CoU JPapefs in p >67 
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all modem theories of dispersion The earliest of these was 
devised by Maxwell who in the Cambridge Mathematical Tripos 
for 1869 * published the results of the following investigation — 
A model of a dispersive medium may be constituted by 
embedding systems which represent the atoms of pondeiable 
matter in a medium which represents the aether We may 
picture each atomf as composed of a single massive paiticle 
supported symmetrically by springs from the in tenor face of 
a massless spherical shell if the shell be fixed the particle 
will be capable of executing vibrations about the centre of the 
sphere, the effect of the springs bemg equivalent to a force on 
the particle proportional to its distance from the centie The 
atoms thus constituted may be supposed to occupy small 
sphencal cavities in the aether the outer shell of each atom 
bemg in contact with the aether at all points and partalving 
of its motion An immense number of atoms is supposed to 
exist in each umt volume of the dispersive medium so that 
the medium as a whole is fine gramed 

Suppose that the potential energy of strain of free aether 
per umt volume is 



where 7j denotes the displacement and E an elastic constant , 
so that the equation of wave-propagation in free aether is 


^ da^ 

where p denotes the aethereal density 

Then if a denote the mass of the atomic particles in unit 
volume (t) + the total displacement of an atomic particle at 
the place x at time t and the attractive foice it is evident 
that for the compound medium the kinetic energy per unit 
volume IS 


ip 


* 1 K 


* Cambndge Calendar 1869 republished by Lord Hayleigh Phil Mag xlviii 
(1899) p 151 f This lUustiation is due to W Thomson 
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and the potential energy per unit volume is 

(dnIdxY 4* ^ 

The equations of motion derived by the process usual in 
dynamics, aie 



Consider the proj)agation through the medium thus constituted 
of vibrations whose frequency is n and whose velocity of pro 
pagation in the medium is ^5 so that and Z are haimonic 
functions of n(t - xjv) Substituting these values in the 
differential equations we obtain 

1 _ p 

Now p/J? has the value Ijc^ where c denotes the velocity of 
light in free aether, and cjv is the ref 1 active index fi of the 
medium for vibrations of frequency n So the equation which 
may be written 

- 1 

determines the refractive index of the substance for vibrations 
of any frequency n The same formula was independently 
obtained from similai considerations three years later by 
W Sellmeier * 

If the oscillations are very slow the incident light being in 
the extieme infia red pait of the spectrum n is small and the 
equation gives approximately = (p + <t)/p for such osciUa 
tionb each atomic particle and its shell move together as a 
rigid body so that the effect is the same as if the aether were 
simply loaded by the masses of the atomic pai tides its rigidity 
remaining unaltered 

* Ann d Phys oxlv (1872) pp 399 620 oxlvii (1872), pp 386 626 
Of also Helmholtz Ann d Phys chv (1876) p 582 
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The dispel Sion of light within the limits of the visible 
spectrum is for most substances conti oiled by a natural 
frequency which corresponds to a vibration beyond the violet 
end of the visible spectrum so that n being smaller than p, 
we may expand the fraction m the foimula of dispersion and 
obtain the equation 


which resembles the formula of dispersion in Cauchy s theory* , 
indeed, we may say that Cauchy s foimula is the expansion of 
Maxwell s formula m a series which as it converges only when 
n has values within a limited range fails to represent the 
phenomena outside that range 

The theory as given above is defective in that it becomes 
meaningless when the frequency % of the incident light is 
equal to the frequency p of the free vibrations of the atoms 
This defect may be remedied by supposing that the motion of 
an atomic particle relative to the shell in which it is contained 
IS opposed by a dissipative force varying as the relative 
velocity such a force sufhces to prevent the forced iibration 
from becoming indefinitely great as the period of the incident 
light approaches the period of free vibration of the atoms, its 
introduction is justified by the fact that vibrations m this 
part of the spectrum suffer absorption in passing through the 
medium When the incident vibration is not in the same 
legion of the spectrum as the free vibration the absoiption is 
not of much importance, and may be neglected 

It is shown by the spectroscope that the atomic systems 
which emit and absorb radiation in actual bodies possess more 
than one distinct free period The theoiy already given may 
however readily be extendedf to the case in which the atoms 
have several natuial frequencies of vibration , we have only to 
suppose that the external massless rigid shell is connected by 
springs to an interior massive ngid shell and that this again 

• Cf p 183 

t rhia subject was developed bj Lord Kelvin in the JBalt^nore leetme, 
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IS connected by springs to another massive shell inside it, and 
so on The corresponding extension of the equation for the 
refractive index is 

2 1 ^2 
M “ 1 — ^ '2 o T + 

where pi denote the frequencies of the natural periods 

of vibration of the atom 

The validity of the Maxwell Sellmeier formula of disper- 
sion was strikingly confirmed by experimental lesearches in 
the closing years of the nineteenth century In 1897 Eubens^ 
showed that the formula represents closely the refractive 
indices of sylvin (potassium chloiide) and rock salt with 
respect to light and radiant heat of wa\ e lengths between 
4 240 A U and 223 000 A U The constants in the formula 
being known from this comparison it was possible to pi edict 
the dispersion tor radiations of still lower frequency , and it 
was found that the square of the refractive index should have 
a negative value (indicating complete reflexion) for wave 
lengths 370,000 AU to 550 000 AU in the case of rock salt 
and for wave lengths 450 000 to 670 000 AU m the case of 
sylvin This inference was verifaed experimentally in the 
tollowmg year t 

It may seem strange that Maxwell, having successfully 
employed his electromagnetic theory to explam the propagation 
of light m isotiopic media in crystals and in metals, should 
have omitted to apply it to the problem of reflexion and refiac 
tion This IS all the more surprising as the study of the optics 
of ciystals had already revealed a close analogy between the 
electromagnetic theory and MacOullaghs elastic solid theory, 
and 111 ordei to explain reflexion and refraction electro 
magnetically nothing moie was necessary than to transcribe 
MacOullaghs investigation of the same pioblem interpreting e 
(the time flux of the displacement of MacCuUagh's aether) as 
the magnetic force, and curl e as the electiic displacement As 

*Ann d Pliys ]x (1897), p 464 
t Uubeiis and Aschkmass Ann d Phys lxiv(l898) 
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in MacCuUagli s theory the difference between the contiguous 
media is represented by a difference of their elastic constants, 
so in the electromagnetic theory it may be represented by a 
difference in their specific inductive capacities From a letter 
which Maxwell wiote to Stokes in 1864 and which has been 


preserved* it appeals that the problem of reflexion and refrac- 
tion was engaging Maxwell s attention at the time when he was 
preparmg his Eoyal Society memoir on the electromagnetic 
field, but he was not able to satisfy himself regarding the 
conditions which should be satisfied at the inteiface between 
the media He seems to have been in doubt which of the rival 
elastic sohd theories to take as a pattern , and it is not unlikely 
that he was led astray by relying too much on the analogy 
between the electric displacement and an elastic displacement t 
Eoi m the elastic solid theory all three components of the dis- 
placement must be continuous across the interface between two 
contiguous media , but Maxwell found that it was impossible to 
explain reflexion and refraction if all three components of the 
electric displacement weie supposed to be continuous acioss tht 
interface , and unwilhng to give up the analogy which had 
hitherto guided him aright yet unable to disprove? the Gieenian 
conditions at bounding surfaces he seems to have laid aside the 
problem until some new light should dawn upon it 

This was not the only difficulty which beset the electro 
magnetic theory The theoretical conclusion that the specific 
inductive capacity of a medium should be equal to the squau of 
its refiactive mdex with respect to waves of long period was 
not as yet substantiated by experiment, and the theoiy of 
displacement currents on which everything else depended was 


* Stokes 8 Bo%mi%jio Con espondence ii pp 25 26 

t It must be remembered that Maxwell pictured the electric displacement as a 
r^l dj^splacement of a medium My theory of electrical foices he m rote ‘ is 
that they are called into play in insulating media by slight electnc displacements 
which put certain smaU portions of the medium into a state of distortion hich 
eing resisted hy the elasticity of the medium produces an electromotive foice 
Campbell and Garnett s life of Maxwell p 244 

t The letter to Stokes already mentioned appears to indicate that Maxwell for 
a time doubted the correctness of Green s conditions 
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unfavourably received by the most distinguished of Maxwell s 
contemporaries Helmholtz indeed ultimately accepted it, but 
only after many years , and W Thomson (Kelvm) seems never 
to have thoroughly believed it to the end of his long life In 
1888 he leferred to it as a ‘curious and ingenious but not 
wholly tenable hypothesis ’ * and proposedf to replace it by an 
extension of the older potential theories In 1896 he had some 
mclmationj to speculate that alterations of electrostatic force 
due to rapidly changing electrification are propagated by con- 
densational waves m the luimmferous aether In 1904 he 
admitted^ that a bar magnet rotating about an axis at right 
angles to its length is equivalent to a lamp emitting light of 
period equal to the period of the rotation, but gave his final 
judgment in the sentence|| — The so called electromagnetic 
theoiy of light has not helped us hitherto 

Thomson appears to have based his ideas of the propagation 
of electric disturbance on the case which had first become 
familiar to him — that of the transmission of signals along a 
wire He clung to the older view that in such a disturbance 
the wire is the actual medium of transmission , whereas in 
Maxwell s theoiy the function of the wire is merely to guide 
the disturbance which is resident in the surrounding dielectric 
This opinion that conductors are the media of propagation 
of electric disturbance was entertained also by Ludwig Lorenz 
(6 1829 di 1891) of Copenhagen, who independently developed 
an electromagnetic theory of lightlF a few years after the 
publication of Maxwell s memoirs The proceduie which 
Lorenz followed was that which Eiemann had suggested** in 
1858 — namely, to modify the accepted formulae of electro 
dynamics by introducing terms which though too small to be 

* Nature xxxvui (1888) p 671 t Brit Assoc Eeport 1888 p t^67 

t Cf Bottoniley in Nature hii (1896) p 268 Kelvin ib p 316 J W illaid 
Gibbs lb p 609 

\ Baltxmoi 6 LecUi,i 68 1904) p 376 ^ Ihxd preface p 7 

IT 0%6'i 8%tjt ovei det K danske Vid Selskaps Forha9idlmff6t 1867, p 26 Annal 
der Phys cxxxi (1867) p 243 Phil Mag xxxiv (1867) p 287 

** Cf p 268 Riemann s memoir was however published only m the same 
year (1867) as Lorenz s 
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appreciable in ordinary laboratory experiments would be 
capable of accounting for the propagation oi electrical effects 
through space with a finite velocity We have seen that in 
Neumann s theory the electric force E was determined by the 
equation 

E = c grad ^ - a, (1) 


where 0 denotes the electrostatic potential defined by the 
equation 




I (pV^) doddy'dz 


p being the density of electric charge at the point (x y z) and 
where a denotes the vector potential defined by the equation 


a 


I (i /r) dx dy dz 


1 being the conduction current bIc, (x y We suppose the 
specific inductive capacity and the magnetic permeability to 
be e\ ery where unity 

Lorenz proposed to replace these by the equations 


0 = 


{p {t - rlc)lr]dx'dy'dzl 


' { 
J 


{t - r/c)/r] dxdi/d/ , 


the change consists in leplacing the values which p' and i have 
at the instant t by those which they have at the instant {t - r/c) 
which is the instant at which a disturbance travelling with 
velocity c must leave the place (x y a ) in order to arri\ e at 
the place (a y at the mstant t Thus the values of the 
potentials at {x y z) at any instant t would according to 
Lorenzs theory, depend on the electric state at the point 
(X y 8 ) at the previous instant {t — rjc) as if the potentials 
were propagated outwards from the charges and currents with 
velocity c The functions (f> and a formed in this way aie 
generally known as the retat ded potentials 
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The equations by which <f) and a have been defined are 
equivalent to the equations 

- <^/c = - 47rp (2) 

V^a - a/c^ = - 47ri (3) 

while the equation of conservation of electricity, 


div 1 + ^ = 0 


gives 


div a + ^ = 0 (4) 

i rom equations (1) (2) (4) we may readily derive the equation 
div E = 4:Trc^p , (I) 

and from (1), (3) (4) we have 

curl H = E/c* + 47ri, (II) 

where H or cuil a denotes the magnetic force while from (1) 
we have 


curl E = ~ H 


(III) 


The equations (I) (II) (III) are however the fundamental 
equations of Maxwells theory, and therefore the theory of 
L Loienz is practically equivalent to that of Maxwell, so far 
as concerns the propagation of electromagnetic disturbances 
through free aether Lorenz himself however, does not appear 
to have clearly perceived this , for in his memoir he postulated 
the presence of conducting matter throughout space and was 
consequently led to equations resembling those which Maxwell 
had given for the propagation of light in metals Observing 
that his equations represented periodic electiic currents at 
light angles to the direction of propagation of the disturbance, 
he suggested that all luminous vibrations might be constituted 
by electric currents and hence that there was " no longer any 
reason for mamtainmg the hypothesis of an aether since we 
can admit that space contams sufficient ponderable matter to 
enable the disturbance to be propagated ' 

Lorenz was unable to derive from his equations any explana 
tion of the existence of refractive indices and his theory lacks 
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the rich physical suggestiveness of Maxwells , the value of 
his memoir lies chiefly in the introduction of the retarded 
potentials It may be remarked m passing that Lorenzs 
retarded potentials are not identical with Maxwell s scalar 
and vector potentials for Lorenz s a is not a circuital vector 
and Lorenz s is not like Maxwell s the electrostatic potential 
but depends on the positions occupied by the charges at certain 
previous mstants 

For some years no progress was made either with Maxwell s 
theory or with Lorenzs Meanwhile Maxwell had in 1865 
resigned his chair at Kings College and had retired to his 
estate in Dumfriesshire where he occupied himself in writing 
a connected account of electrical theory In 1871 he returned 
to Cambridge as Professor of Experimental Physics , and two 
years later published his T'i eahse on Elects %c%ty and Magnetism 

In this celebrated work is comprehended almost every 
branch of electric and magnetic theory, but the intention of 
the wiiter was to discuss the whole as far as possible from a 
single point of Mew namely that of Faraday, so that little 
or no account was given of the hypotheses which had been pro- 
pounded in the two preceding decades by the great German 
electricians So far as Maxwell s purpose was to disseminate 
the ideas of Faradaj it was undoubtedly fulfilled, but the 
Treatise was less successful when considered as the exposition 
of its author s own views The doctrines peculiar to Maxwell 
— the existence of displacement currents and of electromagnetic 
vibrations identical with light — were not introduced in the first 
volume or in the first half of the second volume, and the 
account which was given of them was scarcely more complete 
and was perhaps less attractive than that which had been 
furnished m the original memoirs 

Some matters were however discussed more fully in the 
Treatise than in Maxwell s previous writings , and among these 
was the question of stress in the electiomagnetic field 

It will be rememberea* that Faraday, when studying the 

*Cf p 209 
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curvature of lines of force in electrostatic fields, had noticed 
an apparent tendency of adjacent lines to repel each other as 
if each tube of force were inherently disposed to distend 
laterally , and that in addition to this repellent or diverging 
force in the transverse direction he supposed an attractive or 
contractile force to be exerted at right angles to it, that is to 
say m the direction of the lines of force 

Of the existence of these pressures and tensions Maxwell 
was fully persuaded , and he determined analytical expressions 
suitable to represent them The tension along the lines of 
force must be supposed to maintam the ponderomotive force 
which acts on the conducbor on which the lines of force 
terminate , and it may therefore be measured by the force 
which IS exeited on unit area of the conductor le , eE /Sttc^ or 
JEE The pressure at right angles to the Imes of force must 
then be determined so as to satisfy the condition that the aether 
is to be m equilibrium 

For this purpose, consider a thin shell of aether included 
between two equipotential surfaces The equihbnum of the 
portion of this shell which is intercepted oy a tube of force 
requires (as in the theo’^y of the equilibrium of liquid films) 
that the resultant foice per unit area due to the above- 
mentioned normal tensions on its two faces shall have the 
value r(l/pi + l/pz) where |Oi and pz denote the principal radii 
of curvature of the shell at the place, and where 2" denotes 
the lateral stress across unit length of the surface of the shelly 
T being analogous to the surface tension of a liquid film 

Now if t denote the thickness of the shell, the area inter 
cepted on the second face by the tube of force bears to the 
area intercepted on the first face the ratio {px + 1) (p^ h- t)lpip 2 > 
and by the fundamental property of tubes of force D and E 
vary inversely as the cross section of the tube so the total force 
on the second face will bear to that on the first face the ratio 

pipilipi + [Pi + 

(1 - tf pi — tpz) 5 


or approximately 
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the resultant force per unit area along the outward normal is 
therefore 

-iDE t (l/pi + 1/^3) 

and so we have 

r = -JDE t, 

or the pressure at right angles to the lines of force is JDE per 
unit area — that is it is numerically equal to the tension along 
the lines of force 

The principal stresses m the medium being thus determined 
it readily follows that the stress across any plane, to which the 
unit vector N is normal, is 

(D N)E-i(D E)]Sr 

Maxwell obtained* a similar formula for the case of magnetic 
fields , the ponderomotive forces on magnetized matter and on 
conductors carrying currents may be accounted for by assuming 
a stress in the medium the stress across the plane N being 
represented by the vector 

i(B H) H-i(B H) » 

This like the corresponding electrostatic formula represents % 
tension aeioss planes perpendicular to the lines of foice and a 
pressure across planes parallel to them 

It may he remarked that MaxweU made no distinction 
between stress in the material dielectric and stress in tht 
aether indeed so long as it was supposed that material bodies 
when displaced carry the contained aether along with them 
no distinction was possible In the modihcations of Maxwell s 
theory which were developed many years afterwards by his 
followers stresses corresponding to those mtiodueed by Maxwell 
were assigned to the aether as distmct from ponderable matter ^ 
and it was assumed that the only stresses set up in mateiial 
bodies by the electromagnetic held are produced indirectly 
they may be calculated by the methods of the theory of 
elasticity from a knowledge of the pondeiomotive foices 
exerted on the electric charges connected with the bodies 

* Maxwell s TreaHse on Electricity and Magnetism § 643 
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Another remark suggested by Maxwells theory of stress 
in the medium is that he considered the question horn the 
purely statical point of view He determined the stress so that 
it might produce the required forces on pondeiable bodies and 
be self equilibrating in free aether But* if the electric and 
magnetic phenomena are not really statical but are kinetic in 
their nature the stress or pressure need not be self equihbrating 
This may be illustrated by reference to the hydrodynamical 
models of the aether shortly to be described m which perforated 
solids are immersed in a moving liquid the ponderomotive 
forces exerted on the sohds hy the hquid coriespond to those 
winch act on conductors carrying currents m a magnetic field 
and yet there is no stress m the medium beyond the pressure 
of the liquid 

Among the problems to which Maxwell applied his theory 
of stress m the medium was one which had engaged the 
attention of many generations of his predecessors The ad 
herents of the corpuscular theory of hght in the eighteenth 
century beheved that their hypothesis would be decisively con 
firmed if it could be shown that rays of light possess momentum 
to determine the matter several investigators directed powerful 
beams of light on delicately suspended bodies and looked for 
evidences of a pressure due to the impulse of the corpuscles 
Such an experiment was performed m 1708 by Homberg t who 
imagined that he actually obtained the effect m question, but 
Maiian and Du Bay m the middle of the century havmg 
repe ited his operations failed to confirm his conclusion J 

The subject was afterwards taken up by Miehell who some 
years ago wrote Priestley^ m 1772 “ endeavoured to ascertain 
the momentum of light in a much more accurate manner tba.n 
those in which M Homberg and M Mairan had attempted it 
He exposed a very thin and dehcately suspended copper plate 

V bjeiknes Ihil Mag ix (1 '05) p 491 
t Histone de 1 Acad 1708 p 21 

J (le Haxian aiU de I Am oi e bouale p 3/0 
§ J£%6to) f oj Vmon i p 38/ 
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to the rays of the sun concentrated by a mirror and observed 
a deflexion He was not satisfied that the effect of the heating 
of the an had been altogether excluded, but there seems to 
be no doubt m Priestley s opinion but that the motion above 
mentioned is to be ascribed to the impulse of the rays of light 
A similai experiment was made by A Bennet* who directed 
the light from the focus of a large lens on wiitmg paper 
delicately suspended in an exhausted receiver but ‘ could not 
perceive any motion distinguishable from the effects of heat 
Perhaps he concluded sensible heat and light may not be 
caused by the mflux or rectilineal projections of fine particles, 
but by the vibrations made in the universally diffused calor%u 
or matter of heat or fluid of hght Thus Bennet, and after 
him Young f regarded the non appearance of light repulsion in 
this experiment as an argument m favour of the undulatoiy 
system of hght Poi wrote Young granting the utmost 
imagmable subtility of the corpuscles of light their effects 
nought naturally be expected to bear some proportion to the 
effects of the much less rapid motions of the electrical fluid 
which aie so very easily perceptible, even m their weakest 
states 

This attitude is all the more remarkable because Eulei 
many years before had expressed the opinion that light pressure 
might be expected just as reasonably on the undulatory as on 
the corpuscular hypothesis Just as he wrote J a vehement 
sound excites not only a vibratory motion m the particles of 
the air but there is also observed a real movement of the small 
particles of dust which are suspended therem it is not to be 
doubted but that the vibratory motion set up by the light 
causes a similar effect Euler not only inferred the existence 
of hght pressure but even (adopting a suggestion of Kepler s) 
accounted for the tails of comets by supposing that the solar 
rays, impinging on the atmosphere of a comet diive off fiom 
it the more subtle of its particles 

♦ Plul irans 1792 p 81 \ Ib%d 1802 p 46 

XM%sio%re de I Acad de JBeihn u (1748) p 117 
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The question was examined by Maxwell* from the point 
of view of the electromagnetic theory of light , which readily 
furnishes reasons for the existence of light pressure For 
suppose that light falls on a metallie reflecting suiface at 
perpendicular mcidence The light may be legarded as con 
stituted of a rapidly alternating magnetic field , and this must 
induce electric currents in the surface layers of the metal But 
a metal carrying currents in a magnetic field is acted on by a 
ponderomotive force which is at right angles to both the 
magnetic force and the direction of the current and is there 
fore 111 the present case normal to the reflecting surface 
this ponderomotive force is the light pressure Thus according 
to Maxwell s theory light-pressure is only an extended case of 
effects which may readily he produced m the laboiatory 

The magmtude of the light-pressure was deduced by 
Maxwell from his theory of stresses in the medium We have 
seen that the stress across a plane whose unit normal is N is 
represented by the vector 

(D N) E-i(D E) N + ^^(B N) H-^(B H) W 

Now suppose that a plane wave is incident perpendicularly on 
a perfectly reflecting metallic sheet this sheet must support 
the mechanical stress which exists at its boundary in the 
aether Owing to the presence of the reflected wave, D is iseio 
at the suiface , and B is perpendicular to BT, so (B N) vanishes 
Thus the stress is a pressure of magnitude (I/Stt) (B H) 
normal to the surface that is, the light-pressure is equal to 
the density of the aetheieal energy in the region immediately 
outside the metal This was Maxwell s result 

This conclusion has been reached on the assumption that 
the light IS mcident normally to the reflecting surface If on 
the other hand, the surface is placed in an enclosure completely 
surrounded by a radiatmg shell, so that radiation falls on it 
from all directions, it may be shown that the light pressure is 
measured by one third of the density of aethereal energy 

^ Maxwell s Tieatise m JClecUtcity and Magnetiiiin § 792 
X 
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A different way of inferring the necessity foi light piessuu 
was indicated m 1876 by A Bartoli* who showed that when 
radiant energy is transported from a cold body to a hot one l.j 
means of a moving mirror the second law of theimodynaiu.es 
would he violated unless a pressure weie exeited on the miiioi 

by the light , ^ i 

The thermodynamical ideas introduced into the subjeet hj 

Bartoh have proved very fruitful If a hollow vessel he it a 
definite temperatuie, the aether within the vessel must lx lull 
of radiation crossing from one side to the othei and hence tin 
aether when in radiative eqmlihiium with mattei at a given 
temperature is the seat of a definite quantity of eiieigy p< i 
unit volume 

If 17 denote this energy per unit volume and Pthe light 
pressure on unit area of a surface exposed to the i idiation, we 
may applyt the equation of available energy^ 


Since as we have seen 

this equation gives att^t ^ 

dT 


and therefore U must be proportional to P From this it may 
he mf erred that the intensity of emission of ladiant energy by 
a body at temperature T is proportional to the fourth powt i ot 
the absolute temperature — a law which was fiist discoveud 
experimentally by Stefan§ m 1879 

In the year in which Maxwells treatise was published, 
Sir Wilham Crookesil obtained expeiimental evidence of a 
pressure accompanying the meidence of light, but this was 


* Bartoli Sopia % inovimenti pi odotti dalla luce e dal caloie e aopm xl 
d\ Croohes Firenze 1876 Also Nuovo Oimento (3) xv (1884), p 101 anU 
Exner s Rep xxi (1885) p 198 

t Boltzmann Ann d Phys xxii ^1884) p 31 Of also B Crttlit/mo Ann <1 
Phys xlvu (1892) p 479 

t Cf p 240 § ^len Bei Ixxix (1879) p 101 

II Phil Trans clxiv (1874) p 601 ihe radioiuetei w as disuncrod m 187 > 
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soon found to be due to thermal effects , and the existence of 
a true hght pressure was not contirmed experimentally* until 
1899 Smce then the subject has been considerably developed 
especially m regard to the part played by the pressure of radiation 
in cosmical physics 

Another matter which received attention in Maxwells 
Treat%se was the influence of a magnetic field on the propagation 
of light in material substances We have already seenf that 
the theory of magnetic vortices had its origin in Thomsons 
speculations on this phenomenon , and Maxwell in his memoir 
of 1861-2 had attempted by the help of that theory to arrive 
at some explanation of it The more complete investigation 
which IS given in the Treatise is based on the same general 
assumptions namely that in a medium subjected to a magnetic 
field there exist concealed vortical motions, the axes of the 
vortices being in the direction of the lines of magnetic force , 
and that waves of light passing through the medium disturb 
the vortices which thereupon react dynamically on the luminous 
motion and so affect its velocity of propagation 

The manner of this dynamical interaction must now be 
more closely examined Max’well supposed that the magnetic 
vortices are affected by the light waves in the same way as 
vortex filaments in a liquid would be affected by any other 
coexisting motion in the liquid The latter problem had been 
already discussed in Helmholtzs great memoir on ^ortex 
motion , adopting Helmholtz s results Maxwell assumed for the 
additional term introduced into the magnetic force by the dis 
placement of the vortices the value 3e/00 where e denotes the 
displacement of the medium (le the light vector) and the 
operator d/dO denotes Ha:d/dx + S^d/dy + JBl d/dz H denoting the 
imposed magnetic field Thus the luminous motion by dis- 
turbing the vortices, gives rise to an electric cunent in the 
medium, pioportional to curl 3e/30 

Lebedew Archives des Sciences Phys et Nat (4) viii (1899) p 184 
Aim d Phys vi (1901) p 433 E P Nichols and Gr E Hull Phys Kev 
xm (1901) p 293 Astrophys Jour xvii (1903), p 315 Of p 2/4 

X 2 
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Maxwell further assumed that the current thus produced 
interacts dynamically with the luminous motion in such a 
manner that the kinetic energy of the medium contains a 
term proportional to the scalar product of e and curl 0e/00 
The total kinetic energy of the medium may therefore be 
written 

Jpe + }o- (e curl 0e/9^) 


where p denotes the density of the medium and <t denotes a 
constant which measures the capacity of the medium to rotate 
the plane of polarization of light m a magnetic field 

The equation of motion may now be derived as in the 
elastic solid theoiies of light it is 

pe = 7?. V e - o- curl e 


When the light is transmitted in the direction of the lines 
of force and the axis of x is taken parallel to this direction 
the equation reduces to 


0 


dey d% 

dx^ ^ ^ dtdx^ 
d 6:, d\ 

dx ^ dtdx'^^ 


and these equations, as we have seen * furnish an explanation 
of Faraday s phenomenon 

It may be remarked that the teim 

Ja (e curl 0e/90) 

in the kinetic energy may by partial integration be transformed 
into a term 

(curie 0e/0(^)f 

together with surface terms , or again into 
- ^o- (curl e 0e/00), 

together with surface-terms These diiSerent forms all yield 
♦ Cf p 215 

t rhia form was suggested by Fitz Geiald six years later Phil Tiaiis , 1880 
p 691 Fitz Gerald s Wiiii7ig8 p 45 
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the same equation of motion for the medium , but owing to 
the differences in the surface-terms they yield different con- 
ditions at the boundary of the medium and consequently give 
rise to different theories of reflexion 

The assumptions involved in Maxwell’s treatment of the 
magnetic rotation of light were such as might scarcely he 
justified in themselves, but since the discussion as a whole 
proceeded from sound dynamical principles and its conclii 
sions were in harmony with experimental results it was fitted 
to lead to the more perfect explanations which were afterwards 
devised by his successors At the time of Maxwells death 
which happened in 1879 before he had completed his foity- 
ninth year much yet remained to be done both in this and in 
the other investigations with which his name is associated , 
and the energies of the next generation were largely spent m 
extending and refining that conception of electrical and optical 
phenomena whose origin is correctly indicated in its name of 
Maxwell s Theoi y 
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models of the aether 

The early attempts of Thomson and Maxwell to represent the 
electric medium by mechanical models opened up a new field of 
research to which investigators weie attracted as much by its 
mtiinsic fascination as by the importance of the services which 
it promised to render to electric theory 

Of the models to which reference has already been made 
some — such as those described in Thomson s memoir* of 1847 
and Maxwells memoirf of 1861-2 — attribute a linear charactei 
to electric force and electric cunent and a rotatory charactei 
to magnetism others — such as that devised by Maxwell in 
1855J and afterwards amplified by Helmholtz^ — legard mag 
netic force as a Imear and electiK current as a rotatory 
phenomenon This distinction furnishes a natural classification 
of models mto two piincipal groups 

Even within the limits of the former group diversity has 
already become apparent, for in Maxwells analogy of 1861-2 
a continuous vortical motion is supposed to be in progress about 
the lines of magnetic induction , whereas in Thomson s analogy 
the vector potential was hkened to the displacement in an 
elastic solid so that the magnetic induction at any point would 
be represented by the twist of an element of volume of the 
sohd from its equilibrium position , oi in symbols 

a = e, E = -e B = curl e 

where a denotes the vectoi potential E the electric foice, B the 
magnetic mduction and e the elastic displacement 

Thomson s original memoir concluded with a notice of his 
mtention to lesume the discussion in another communication 
His purpose was fulfilled only in 1890 when|| he showed that 

* Of p 270 t Cl p 276 t Of p 271 § Of p 274 

11 Kelvin B Math and Fhys Fapei 5 , lu p 436 
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in his model a linear cunent could be represented by a piece 
of endless cord of the same quality as the solid and embedded 
in it if a tangential force were applied to the cord uniformly 
all round the circuit The forces so applied tangentiall} pro 
duce a tangential drag on the surrounding solid , and the 
rotatory displacement thus caused is everywhere pioportional 
to the magnetic vector 

In order to represent the effect of varying permeability 
Thomson abandoned the ordmary type of elastic solid and 
replaced it by an aether of MacCullaghs type, that is to say 
an ideal incompressible substance having no rigidity of the 
ordinary kind (le elastic resistance to change of shape) but 
capable of resistmg absolute rotation — a property to which the 
name gyrostaUG rigidity was given The rotation of the sohd 
representing the magnetic induction and the coefficient of 
gyrostatic rigidity being inversely proportional to the permea- 
bility the normal component of magnetic induction will be 
continuous across an interface as it should be * 

We have seen above that in models of this kind the electiic 
force IS represented by the tianslatory velocity of the medium 
It might therefore be expected that a strong electric field would 
perceptibly affect the velocity of propagation of light , and that 
this does not appear to be the ease t is an argument against the 
validity of the scheme 

We now turn to the alternative conception in which electric 
phenomena are regaided as rotatory and magnetic force is 
represented by the linear velocity of the medium , in symbols 

inrH = curl e 
H = e 

where D denotes the electric displacement H the magnetic 
force and e the displacement of the medium In Maxwells 
memoir of 1855, and in most of the succeeding writings for 
* ihomson molined to 1)611676 {Papas m p 465) that light might be coireotlj 
represented by the vibratory motion of such a sohd „ 

t Wilberfoice lians Oamp Phil Soe lav (1887), p 170 Lodge Phil rrims 
oKwiv (1897) p 149 
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many years attention was directed chiefly to magnetic fields of 
a steady or at any rate non-oscillatory character , in such fields 
the motion of the particles of the medium is continuously 
progressive , and it was consequently natural to suppose tlie 
medium to be fluid 

Maxwell himself as we have seen"^ aftei wards abandoned 
this conception in favour of that which represents magnetic 
phenomena as rotatory Accoiding to Ampere and all his 
followers he wrote in 1870 f electric currents aie regaided 
as a species of translation and magnetic force as depending on 
rotation I am constrained to agree with this view because 
the electric current is associated with electrolysis, and othei 
undoubted instances of translation, while magnetism is asso- 
ciated with the lotation of the plane of polarization of light’ 
But the other analogy was felt to be too valuable to be 
altogether discarded especially when m 1858 Helmholtz 
extended itj by showing that if magnetic induction is com- 
pared to fluid velocity then electric currents correspond to 
vortex filaments m the fluid Two years afterwards Knchhoif ^ 
developed it further If the analogy has any dynamical (as 
distmguished from a merely kinematical) value it is evident that 
the ponderomotive forces between metallic rings carrying electiic 
currents should be similar to the ponderomotive foices between 
the same iings when they are immersed m an infinite incom 
pressible fluid the motion of the fluid being such that its 
circulation through the apertuie of each ring is proportional to 
the strength of the electric current in the corresponding iing 
In order to decide the question Kirchhoff attempted and solved 
the hydrodynamical problem of the motion of two thin rigid 
rings m an incompressible fnctionless fluid the fluid motion 
bemg irrotational , and found that the forces between the rings 
are nuTnerically equal to those which the rings would exert on 

^Cf P 276 

tProc Lond Math Soc iii (1870) p 224 Maxvs ems I^apcis ii p 268 

t Of p 274 

$ JTournul fui Math Ixxi (1869) Kiiolihoff s Ge amm Ahhandl p 404 Of 
also C Neumann Leipzig Beiichte xliv (1892) p 86 
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each other if they were traversed by electric currents pro 
portional to the circulations 

Ihere is however an important difference between the two 
cases which was subsequently discussed by W Thomson who 
pursued the analogy in several memoirs * In order to represent 
the magnetic field by a conseivative dynamical system we shall 
suppose that it is produced by a number of rings of perfectly 
conducting material in which electric currents are circulating , 
the surrounding medium being free aether Now any perfectly 
conducting body acts as an impenetrable barrier to lines of 
magnetic force , for as Maxwell showed t when a perfect con 
ductor IS placed in a magnetic field, electiic currents are mduced 
on its surface in such a way as to make the total magnetic force 
zero throughout the interior of the conductor J Lines of force 
are thus deflected by the body in the same way as the lines of 
flow of an incompressible fluid would be deflected by an obstacle 
of the same form or as the lines of flow of electric current in a 
uniform conducting mass would be deflected by the introduction 
of a body of this form and of mfinite resistance If then for 
simplicity we consider two perfectly conducting rings carrying 
currents those lines of force which are initially linked with a 
Xing cannot escape from their entanglement and new hnes 
cannot become involved in it This implies that the total 
number of lines of magnetic foice which pass through the 
apertuie of each ring is invariable If the coefficients of self 
and mutual induction of the rings are denoted by Zi L 
the electrokinetic energy of the system may be represented by 
r == J + 2Zl2^l^a + Z ^ 

wheie %x ^ denote the strengths of the currents, and the 
condition that the number of lines of force linked with each 
ciicuit IS to be invariable gives the equations 
L\%\ "i" Zjg'jjj — constant 
1 12^1 + Zzi- = constant 

* Ihonison s Repiint of Papers %n Phot and Mag §§ o/3 733 761 (18 0 
IS 72) t Max\^ oil s Treatise on Phot and Maq 664 

t For this leason W Thomson called a peift*ct coniuitoi m ideal extreme 
diamagwetio 
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It IS evident that when the system is considered from the 
point of view of general dynamics the electric currents must be 
legarded as generalized velocities and the quantities 

and 

as momenta The electromagnetic ponderomotive force on the 
rings tending to increase any coordmate x is 0279« In the 
analogous hydrodynamical system the fluid velocity corresponds 
to the magnetic force and therefore the circulation through 
each ring (which is defined to be the integral J taken round 
a path linked once with the ring) corresponds kinematically to 
the electric current , and the flux of fluid through each ring 
coi responds to the number of hues of magnetic force which 
pass through the aperture of the nng But m the hydro 
dynamical problem the circulations play the part of geneiali/ed 
momenta , while the fluxes of fluid through the rings play the 
part of generali7ed velocities The kinetic energy may mdeed 
be expressed in the form 

+2i\r, KX/C2 + JV*,cA 

where ki 1 C 2 , denote the circulations (so that ki and K^ are 
proportional respectively to and and Nx Nx^, depend 
on the positions of the rmgs , but this is the Hamiltonian (as 
opposed to the Lagrangian) form of the energy function * and 
the ponaeromotive force on the rings tending to increase 
any coordinate x is -dKjdx Since dKIdx is equal to dlfdx 
we see that the ponderomotive forces on the rings in any 
position m the hydrodynamical system are equal hut opposite 
to the ponderomotive forces on the rings in the electric 
system 

The reason for the difference between the two cases may 
readily be understood The rings cannot cut through the lines 
of magnetic force in the one system but they can cut through 
the stream lines in the other consequently the flux of fluid 
through the rings is not invariable when the rings are moved the 
invariants in the hydrodynamical system being the circulations 

* Cf WhittaXer A^ialyttcal J)ynmn%cs § 109 
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If a thm ring for which the circulation is zero is introduced 
into the fluid it will experience no ponderomotive forces , but 
if a ring initially carrying no current is introduced into a 
magnetic field it will experience ponderomotive forces owmg 
to the electric currents induced in it by its motion 

Imperfect though the analogy i«a it is not without mterest 
A bai -magnet being equivalent to a current ciiculatmg m a wire 
wound round it may be compared (as W Thomson remarked) 
to a straight tube immersed in a perfect fluid the fluid enteimg 
at one end and flowmg out by the other so that the particles 
of fluid follow the lines of magnetic force If two such tubes 
aie presented with like ends to each other, they attract , with 
unlike ends they repel The forces are thus diametrically 
opposite in direction to those of magnets , but in other respects 
the laws of mutual action between these tubes and between 
magnets are precisely the same 

*'* The niathematK al analysis in this case is very simple -V narrow tube through 
which water is flowmg may be regarded as equivalent to a souue at one end of the 
tube and a sink at the othei and the piohlem may therefore be reduced to the 
consideiatioii of sinks in an unlimited fluid If there are two sinks in such a fluid 
ot strengths m and m the velocity potential is 

mfr + mj^ 

wlRie r and r denote distance from the sinks Ihe kinetic eneigy pei umt volume 
of the fluid IS o , , V 2-1 

where p denotes the density of the fluid whence it is easily seen that the total 
energy of the fluid when the o sinks are at a distance I apait exceeds the total 
cneigy when they aie at an infinite distmce apart by an amount 

nifsQKr) 4(7)11?) 

the integration being taken thiougbout the whole volume of the fluid except two 
eiuall apheies s « surrounding the sinks By Green s theorem this expressi n 
reduces at once to « , . 

whore the integration is taken over s and s and n denotes the inteiior normal to s 
or s Ihe integral taken over s vanishes evaluating the remaining integral e 

01 

The energy of the fluid is therefore greatei when sinks of strengths m m aie at a 
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Thomson moreover investigated* the ponderomotive forces 
which act between two solid bodies immersed m a fluid when 
one of the bodies ib constrained to perform small oscillations 
If for example a small sphere immersed in an incompressible 
fluid is compelled to oscillate along the hne which joins its 
centre to that of a much larger sphere which is free the fiee 
sphere will be atti acted if it is denser than the fluid , while 
if it IS less dense than the fluid it will be lepelled or attracted 
accordmg as the ratio of its distance from the vibiatoi to its 
radius is greater or less than a certain quantity depending on 
the ratio of its density to the density of the fluid Systems 
of this kind were afteiwaids extensively investigated bj 
C A Bjerknes t Bjerknes showed that two spheres whicli 
are immersed in an incompressible fluid and which pulsate 
(ne change m volume) regularly exert on each other (by the 
mediation of the fluid) an attraction determined by the inverse 
square law if the pulsations are concordant, and exeit on 
each other a repulsion determined hi ewise by the mveise 
square law, if the phases of the pulsations difler by halt a 
period It IS necessary to suppose that the medium is incoin 
pressible so that all pulsations are propagated instantaneously 
otherwise atti actions would change to repulsions and vice veisi 
at distances greater than a quarter wave length | If the 
spheies mstead of pulsating oscillate to and fio in straight 
hnes about their mean positions the forces between them arc 
proportional in magnitude and the same m direction but 

mutual distance ^ than when sinks of the same stiengths aie at infinite distarue 
apart by an amount Avpmmll Since in the case of the tubes, the quant iiics m 
correspond to the fluxes of fluid this expression corresponds to the Lagrangian 
form of the kinetic energy and therefore the foice tending to increase the < o rdi 
nate x of one of the sinks is (d/dse) (^Trp mm jt) Whence it is seen that the li/ e ends 
of two tubes attract and the unlike ends lepel accoiding to the inverse squaie lav\ 

* Phil Mag xh (1870J p 427 

+ Eepertorium d Mathematik von Konisberger nnd Zeuner (1876) p 268 
Gottinger Nachnebten 1876 p 246 Comptes Eendus Ixxxiv (1877) p 1377 
Cf Nature xxiv (1881) p 360 

{ On the mathematical theoiy of the force between two pulsating spheres in 
a fluid cf W M Hicks Proe Camb Phil Soc in (1879), p 276 iv (1880) 
P 29 
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opposite in sign to those which act between two magnets 
oriented along the directions of oscillation* 

The results obtained by Bjerknes were extended by 
4. H Leahyt to the ease of two spheres pulsating in an 
clastic medium , the wa\ e length of the disturbance bemg 
supposed large in comparison with the distance between the 
spheres For this system Bjerknes results are reversed the 
law being now that of attraction in the case of unlike phases 
xnd of repulsion in the case of like phases the mtensity is as 
befoie proportional to the inverse square of the distance 

The same author afterwards discussed:^ oscillations 
which may be produced in an elastic medium by the 
displacement m the direction of the tangent to the cross- 
section of the surfaces of tubes of small sectional area 
the tubes either forming closed curves or extendmg inde 
tinitely in both directions The direction and circumstances 
of the motion are in general analogous to ordinary vortex 
motions in an incompressible fluid , and it was shown by Leahy 
that it the period of the oscillation be such that the wa'ves 
pioduced aic long compared with ordinary finite distances the 
displacement due to the tangential disturbances is proportional 
to the velocity due to vortex rings of the same form as the 
tubular sui faces One of these oscillatory twists as the 
tubular surfaces may be called produces a displacement which 
IS analogous to the magnetic force due to a current flowing in 
a curve coincident with the tube , the strength of the current 
being proportional to 6 sin where & denotes the radius of 
the twist and 6) sm ft its angular displacement If the field 
of vibration is explored by a rectilmeal twist of the same 
period as that of the vibration, the twist will experience a force 

* K theory of gravitation has been based by Korn on the assumption that 
j^iaviUtinj, particles resemble slightly compiessible spheres immersed in an incom 
prebsible peiiect fluid the spheies execute pulsations whose intensity corresponds 
t ) the mass of the giavitating particles and thus forces ot the Newtonian kind are 
produced between them Of Korn Bim Theone der G 7 avitat%on und der elect 
h uhcmungcii Berlin 1898 

t irans Camb Phil Soc xiv (1884) p 45 
irans Oaiub Phil Soc xiv {188o) p 188 
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ngM angle, to the ptoe contommg the twiBt and the 
dm»L e( the diaplaeement which would etiet d the twiat 
were removed, d the displacement ol to medium he repre 
sentedby Jempf and the angjilar disptaement of the tvmt 
by w smjd the magmtude ot the totce i. proportional to the 
vLtor product of t (m the direction of to displacement) and 

„ (m the direction of the an. of the twist) , , , 

A model of magnetic action may evidently be constructed 
on to basis of these results A bar magnet must be tegaided 
as vibiatmg tangsntmlly to dmection of mbraticn being 
parallel to the arts of the body A eylmdncal body canyiiig 
a current will have its surface also \ibrating tangentially , but 
m this case the direction of vibration will be perpendicular to 
the aias of the cylinder A statically electrified body on the 
other hand may as follows from the same authors earliei work 
be regarded as analogous to a body whose surface vibrates in 
the normal direction 

We have now discussed models in which the magnetic forco 
18 represented as the velocit> m a liquid and others in which 
it IS lepresented as the displacement in an elastic solid Somt 
years before the date of Leahy s memoii George hrancis 
iitzGeiald (& 1851 i 1901)* had instituted a comparison 
between magnetic force and the velocity in a quasi elastic 
sohd of the type first devised by MacOullagh t An analog) 
IS at once evident when it is noticed that the electromagnetic 
equation 

47 rD = cull H 

IS satisfied identically by the values 

^ 47 rD =, curl e 

I H = e, 

where e denotes any vector, and that on substituting these 
values in the other electiomagnetic equation 
- curl(47rc D/e) « H 

Phil lidiis 1880 p 691 (pi esented October 1878) JbitzGeiald s 
Wnttng^ p 4o t Cf p 155 
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we obtain the equation 

€6 + c® curl curl e = 0 

which IS no other than the equation of motion of MacCullagh s 
aether * the specific inductive capacity e corresponding to the 
reciprocal of MacCullagh’s constant of elasticity In the 
analogy thus constituted electric displacement corresponds to 
the twist of the elements of volume of the aether , and electric 
charge must evidently be represented as an intrinsic rotational 
strain Mechanical models of the electromagnetic field based on 
FitzGerald s analogy were afterwards studied by A Sommerfeld f 
by E Eeiff J and by Sir J Larmor § The last named authorll 
supposed the electric charge to exist in the form of discrete 
electrons foi the creation of which he suggested the followmg 
ideal processor — A filament of aether terminating at two 
nuclei, IS supposed to be removed and circulatory motion is 
impaited to the walls of the channel so formed at each point 
of its length so as to produce throughout the medium a 
rotational strain When this has been accomplished the 
channel is to be filled up again with aether which is to be 
made continuous with its walls When the constraint is 
lemo^ed fiom the walls of the channel the circulation imposed 
on them proceeds to undo itself until this tendency is balanced 
by the elastic resistance of the aether with which the channel 
has been filled up , thus finally the system assumes a state of 
equihbrium in which the nuclei which correspond to a positive 
and a negative electron aie surrounded by intiinsic rotational 
strain 

Models in which magnetic force is represented by the 
velocity of an aether are not however secure from objection 
It IS necessary to suppose that the aether is capable of flowing 
like a peifect fluid in inotational motion (which would corre 

* Of p 1.^6 t Ann ci Phys xlvi (1892) p 139 

J lleiff JOlastmtat und JOleJ tricitat Freiburg 1893 
§ Ihil Tians clxxxv (1893) p 719 

II In a supplement of date August 1894 to his above f*ite 1 memoir of 1893 
i Phil Titins clxxxv (1894) p 810 cxc (1897) p 210 Laimor Aet^m 
and M(Uei (1900) p 326 
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spond to a steady magnetic field) and that it is at the same 
time endowed with the power (which is requisite for the 
explanation of electric phenomena) of resisting the rotation of 
any element of volume* But when the aether moves irrota 
tionally in the fashion which corresponds to a steady magnetic 
field each element of volume acquires after a finite tune a 
rotatory displacement from its oiiginal orientation m con 
sequence of the motion , and it might therefore be expected that 
the quasi elastic power of resisting rotation would be called 
mto play— le that a steady magnetic field would develop 
electric phenomena f 

A further objection to all models in which magnetic force 
corresponds to velocity is that a stiong magnetic field being in 
such models represented by a steady drift of the aethei might 
be expected to mfluence the velocity of propagation of light 
The existence of such an effect appears however to be disproved 
by the experiments of Sir Oliver Lodge, J at any rate unless it 
IS assumed that the aether has an inertia at least of the same 
order of magnitude as that of ponderable matter in which case 
the motion might be too slow to be measurable 

Again the evidence in favour of the rotatory as opposed to 
the character of magnetic phenomena has perhaps, on the 

whole been strengthened since Thomson onginaUy based his 
conclusion on the magnetic rotation of hght This brings us 
to the consideration of an experimental discovery 

In 1879 E H HaU,^ at that time a student at Baltimore, 

* Larmor (loc cit ) suggested the analogy )f a liquid filled with magnetic 
molecules under the action of an external magnetic held 

It has often heen objected to the mathematical conception of a peitect fluid 
that it contains no safeguard against slipping between adjacent layeis so that 
there is no justification foi the usual assumption that the motion of a perfect fluid 
IS continuous Laimoi lemarked that aiotitional elasticity sudi as is attributed 
to the medium above considered fmnishes piecisely such a safeguard and that 
without some property of this land a continuous frictionless fluid cannot be imagined 
tLarmoi proposed to avoid this by assuminj, that the rotation which is resisted 
by an element or volume of the aethei is the vector sum of the series of dilfeiential 
1 citations which it has experienced J Phil Trans clxxxix (1897) p 149 

§Am Jour Math u p 287 Am J Sci xix p 200 and xx p 161 Phil 
Mag IX p 225 and x p 301 
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lepeating an expeiiment which had been previously suggested 
by H A Eowland obtained a new action of a magnetic field 
on electric cui rents A strip of gold leaf mounted on glass 
forming pait of an electric circmt through which a current 
was passing was placed between the poles of an electro 
magnet the plane of the strip being perpendicular to the 
lines of magnetic foice The two poles of a sensitive galvano 
meter were then placed in connexion with different parts of the 
strip, until two points at the same potential were found When 
the magnetic field was created or destioyed a deflection of the 
galvanometer needle was observed indicating a change m the 
relative potential of the two poles It was thus shown that 
the magnetic field produces in the strip of gold leaf a new 
electromotive force at right angles to the primary electromotive 
foice and to the magnetic force and proportional to the product 
of these foices 

Trom the physical point of view we may therefore regard 
Hall s effect as an additional electromotive force generated by 
the action of the magnetic field on the current , oi alternatively 
we may regard it as a modification of the ohmic resistance of 
the metal such as would be produced if the molecules of the 
metal assumed a helicoidal structuie about the lines of magnetic 
foice From the latter pomt of view all that is needed is 
to modify Ohm s law 

S = 7cE 

(where S denotes electric current, 7c specific conductivity and E 
electric force) so that it takes the form 
S = 7cE + A[E H] 

wheie H denotes the imposed magnetic force and h denotes a 
constant on which the magnitude of Halls phenomenon 
depends It is a curious circumstance that the occurrence in 
the case of magnetized bodies of an additional term in Ohm’s 
law, formed from a vector-pioduct of E had been expressly 
suggested in Maxwells Treatise'*' altnough Maxwell had not 
indicated the possibility of realizing it by Hall s experiment 

meet and Mag §303 Of Hopkinson Phil Mag x (1880) p 430 

Y 
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An interesting application of Hall s discovery was made in 
the same year by Boltzmann * who remarked that it offered a 
prospect of determining the absolute velocity of the electric 
charges which carry the current in the strip For if it is 
supposed that only one kind (vitreous or resinous) of electricity 
IS in motion the force on one of the charges tending to drive it 
to one side of the strip will be proportional to the vector 
product of its velocity and the magnetic intensity Assuming 
that Hall s phenomenon is a consequence of this tendency of 
charges to move to one side of the strip it is evident that the 
velocity in question must be proportional to the magnitude of 
the Hall electromotive force due to a unit magnetic field On 
the basis of this reasoning A von Ettmgshausenf found for the 
current sent by one or two Daniell s cells through a gold strip 
a velocity of the order of 0 1 cm per second It is clear however 
that if the current consists of both vitreous and resinous chaiges 
in motion m opposite directions Boltzmann s argument fails , 
foi the two kinds of electricity would give opposite diiections 
to the current m Hall s phenomenon 

In the year foUowmg his discovery HallJ extended his 
researches in another direction by mvestigatmg whether a 
magnetic field disturbs the distribution of equipotential lines in 
a dielectric which is in an electric field , but no effect could be 
observed § Such an effect indeed H was not to be expected on 
theoretical grounds, for when in a material system all the 
velocities are reversed the motion is reversed it being 
understood that in the application of this theorem to electrical 
theory an electrostatic state is to be regarded as one of rest and 
a current as a phenomenon of motion , and if such a reversal be 

* Wien Anz 1880 p 12 Phil Mag ix (1880) p 307 
t Ann d Phys xi (1880) pp 432 1044 
JAm Jour Sci xx (1880) p 164 

^ In 1885-6 lii van Aubel Bull de 1 Acad Eoy de BelgKiue (3) x p 609 
xii p 280 repeated the investigation in an improved form and confirmed the 
result that a magnetic field has no mfiuence on the electrostatic polarization ol 
dielectrics 

II H A Lorentz Arch Neeil xix (1884) p 123 
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performed in the present system the poles of the electro 
magnet are exchanged while in the dielectric no change takes 
place 

We must now consider the bearing of Hall s effect on 
the question as to whether magnetism is a rotatoiy or a 
linear phenomenon * If magnetism he linear electric currents 
must be rotatory , and if Hall s phenomenon be supposed to take 
place in a horizontal strip of metal the magnetic force being 
directed vertically upwards and ihe primary current flowing 
horizontally from north to south the only geometrical entities 
involved are the vertical direction and a rotation in the east 
and west vertical plane , and these are indifferent with respect 
to a rotation in the north-and south \ ertical plane so that there 
IS nothing in the physical circumstances of the system to 
determine in which direction the secondary current shall flow 
The hypothesis that magnetism is linear appears therefore 
to be inconsistent with the existence of Hall s effect t There 
are however some considerations which may be urged on the 
other side Hall’s effect like the magnetic rotation of light 
takes place only in ponderable bodies not m free aether , and 
its dnection is sometimes in one sense sometimes in the other 
according to the nature of the substance It may therefore be 
doubted whether these phenomena are not of a secondary 
character and the aigument based on them invahd Moreover 
as FitzGerald iemarked,J the magnetic lines of foice associated 
with a system of currents aie circmtal and have no open ends 
making it difficult to imagine how alteiation of rotation mside 
them could be produced 

Of the various attempts to represent electric and magnetic 
phenomena by the motions and strains of a continuous medium 
none of those hitheito considered has been found free from 

* Cf F Koldcek Ann d Phys Iv (1895) p 503 

t Fuither evidence in favour of the hypothesis that it is the electric phenomena 
which aie linear is furnished by the fact that pyro electnc effects (the production of 
electiic polarization by warming) occur in acentric crystals and only in such C± 
M Abiaham Bncyklopadie der mnth Wtss iv (2) p 43 

t Of Laiinor Phil Irans clwxv p 780 
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objeetion * Before pioceedmg to consider models which are not 

constituted by a contmuous medium mention must be made of 

a suggestion offered by Eiemann m his lecturest of 1861 lae 
mann remarked that the scalar potential ^ and vector potcnti il 
a, corresponding to his own law of force between elections 
satisfy the equation 

(ji + div a = 0 , 

an equation which as we have seen, is satisfied also by the 
potentials of L Lorenz J Ihis appeared to Eiemann to indic iti 
that <[> might represent the density of an aether of which a 
represents the velocity It will be observed thit on this 
hypothesis the electric and magnetic forces correspond to suomf 
denvates of the displacement — a circumstance which makes it 
somewhat difficult to assimilate the energy possessed by the 
electiomagnetic field to the energy of the model 

We must now proceed to consider those models in which 
the aether is represented as composed of more than one kind of 
constituent of these Maxwell s model of 1861—2 foiiiicd of 
vortices and loEmg particles may be taken as the typo Aiiothii 
device of the same class was described in 1885 by hit/ (yOiald*i , 
this was constituted of a number of wheels fiee to rotate on 
axes fixed perpendicularly m a plane board , the axes wcic fi\( d 
at the intersections of two systems of perpendicular hues , and 
each wheel was geared to each of its four neighbours by an 
mdiaiubber band Thus all the wheels could lotite without 
any stiaming of the system provided they all had the same 
angular velocity, but if some of the wheels weie revolving 
faster than others the indiarubber bands would become stiauicd 
It IS evident that the wheels in this model play the sum pait 
as the vortices m Maxwell s model of 1861-2 then rotation is 

* Of H Witte ZTeber den gegenwmtxgen Stand dci jbtagenach emir mtcha 
mschen JSt klat ung der elekii %8ohen Hi seJmnungen Beilm 1906 

t Edited after his death by K HattendorjBf nndei the title Schweie^ MeJ ti mUd 
und Magnetxsmm 1875 p 330 
+ Of p 299 

§ Scient Proc Roy DubhnSoc 1886 Phil Mag June 1886 lit/Gualas 
Seient Writings pp 142, 167 
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the analogue of magnetic force , and a region in which the masses 
of the wheels are laige corresponds to a region of high magnetic 
permeability The indiarubber bands of Fitz Gerald s model 
correspond to the medium m which Maxwell’s voitices were 
embedded , and a strain on the bands represents dielectric polari 
zation the line joining the tight and slack sides of any band 
being the direction of displacement A body whose specific 
inductive capacity is large would be lepiesented by a region 
in which the elasticity of the bands is feeble Lastly 
conduction may be represented by a slipping of the bands 
on the wheels 

Such a model is capable of transmitting \ ibrations analogous 
to those of light For if any group of wheels be suddenly set 
in lotation those in the neighbouihood will be prevented by 
then inertia from immediately shaiing m the motion, but 
presentl} the lotation will be communicated to the adjacent 
wheels which will transmit it to then neighboins, and so a 
wave of motion will be piopagated through the medium The 
motion constituting the wave is leadily seen to be diiected in 
the plane of the wave i e the vibration is transverse The axes 
of rotation of the wheels are at right angles to the direction 
of propagation of the wave and the direction of polaiization of 
the bands is at right angles to both these directions 

The elastic bands may be replaced by lines of governoi 
balls * if this be done the energy of the system is entirely of 
the kinetic type t 

Models of types different from the foregoing have been 
suggested by the reseaiches of Helmholtz and W Thomson on 
vortex motion The earliest attempts in this direction however, 
were intended to illustrate the properties of pondeiable matter 
rather than of the lummiferous medium A voitex existing in 
a perfect fluid preserves its individuality throughout all changes, 

* Fitz Gerald s Wntings p 271 

t It IS of course possible to devise models of this class in which the rotation may 
be inteipieted as having the electric instead of the magnetic churactei Such a 
model was proposed by Boltzmann Voi hsmgen ubet Maxn,tU s fheorie u 
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and cannot be destroyed, so that if as Thomson* suggested in 
1867 the atoms of matter are constituted of voite\ rings in a 
perfect fluid the conservation of matter may be immediately 
explained The mutual interactions of atoms may be illustrated 
by the behaviour of smoke rings which after appioaching each 
other closely are obseived to rebound and the spectioscopio 
properties of matter may be referred to the possession by 
vortex rings of free periods of vibration "j" 

There are however objections to the hypothesis of voitex 
atoms It IS not easy to understand how the laige densitj of 
ponderable matter as compared with aethei is to be explained , 
and further the virtual inertia of a vortex ring increases as its 
energy mcreases , whereas the ineitia of a ponderable body is 
so far as is known unaffected by changes of temperature It 
IS moreover doubtful whether vortex atoms would be stable 
It now seems to me certain wrote W IhomsonJ (Kelvin) in 
1905 that if any motion be given within a finite portion of 
an mfinite meompressible hquid originally at rest its fate is 
necessarily dissipation to infimte distances with infinitely small 
■velocities everywhere, while the total kinetic energy remains 
constant After many years of failure to piove that the motion 
m the ordmary Helmholtz circular ring is stable I came to tho 
conclusion that it is essentially unstable and that its fate must 
be to become dissipated as now described ’ 

The vortex-atom hypothesis is not the only way 111 which 
the theory of vortex-motion has been applied to the consti ac- 
tion of models of the aether It was shown in 1880 by 
W Thomson! that in certain circumstances a mass of fluid can 
exist m a state m which portions in rotational and irrotational 

* Phil xxxiv(186"') p 16 Pioc R S Edinb vi p 94 
t An attempt was made in 1883 bv J J Thomson Phil Mag xv (1883) 
p 427 to explain the phenomena of the electric discharge through gases in teims 
of tho theory of voi-tex atoms The electiic field Mas supposed to consist in a 
distribution of velocity m the medium whose vortex motion constituted the atoms 
of the gas and Thomson considered the effect of this field on the dissociation and 
recouphng of vortex iings 

t Proc Roy Soc Edinb xx’s (1905), p 565 
§ Bnt Assoc Rep 1880 p 473 
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motion are finely mixed together so that on a large scale the 
mass IS homogeneous having within any sensible volume an 
equal amount of vortex motion in all directions To a fluid 
having such a type of motion he gave the name vortex sponge 

Five years later FitzGerald* discussed the suitability of the 
vortex sponge as a model of the aether Since vorticity in a 
perfect fluid cannot be created or destroyed the modification 
of the system which is to be analogous to an electric field must 
be a polarized state of the vortex motion, and light must be 
represented by a communication of this polarized motion from 
one pait of the medium to another Many distinct types of 
polarization may readily be imagmed for instance, if the 
turbulent motion were constituted of vortex rings these might 
be in motion parallel to definite lines or planes , or if it were 
constituted of long vortex filaments, the filaments might be 
bent spirally about axes parallel to a given direction The 
energy of any polarized state of vortex motion would be greater 
than that of the unpolanzed state, so that if the motion of 
matter had the effect of reducing the polarization there would 
be forces tending to produce that motion Since the forces due 
to a small vortex vary mveisely as a high power of the distance 
from it it seems piobable that in the case of two infinite 
planes, separated by a region of polarized vortex motion, the 
forces due to the polarization between the planes would depend 
on the polarization but not on the mutual distance of the 
planes — a property which is chaiactenstic of plane distributions 
whose elements attract according to the Newtonian law 

It is possible to conceive polarized forms of vortex motion 
which are steady so far as the interior of the medium is 
concerned but which tend to yield up their energy in pioducing 
motion of its boundary— a property parallel to that of the 
aether which though itself in equilibrium, tends to move 
objects immersed in it 

In the same year Hicksf discussed the possibility of trans 

* Sclent Pioc Roy Dnblm Soc 188) Soicntifi Waitings of Fit Gtiald 
p l ')4 Brir Asso( Rep I 880 p 9Z0 



328 


Models oj the Aeihet 


mittmg waves through a medium consisting of an incompressible 
fluid m which small vortex-rmgs are closely packed together 
the wave length of the disturbance was supposed laige in com 
parison with the dimensions and mutual distances of the rings , 
and the translatory motion of the latter was supposed to be so 
slow that very many waves can pass over any one before it has 
much changed its position Such a medium would probably 
act as a fluid for larger motions The vibiation in the wave 
front might be either swmging oscillations of a ring about a 
diameter or transverse vibrations of the ring or apertuial 
vibrations , vibrations normal to the plane of the ring appear 
to be impossible Hicks determined m each case the \elocity 
of translation in terms of the ladius of the rings the distance 
of their planes and their cyclic constant 

The greatest ad\ance in the vortex sponge theory of the 
aether was made in 1887 when W Thomson* showed that the 
equation of propagation of laminar disturbances in a vortex 
sponge is the same as the equation of propagation of luminous 
vibrations in the aether The demonstration which in the 
circumstances can scarcely be expected to be either very simple 
or very rigorous is as follows — 

Let (w D w) denote the components of velocity and p the 
pressure at the point (x y z) in an incompressible fluid Let 
the mitial motion be supposed to consist of a laminar motion 
{f{y) 0 0) superposed on a homogeneous isotropic and fine 
gramed distribution % wl) so that at the origin of time 
the velocity is \f iy) + Uq Vq w^] it is desired to find a 
function / {y t) such that at any time t the velocity shall 
\fky ^ '0 w] where u v w bxq quantities of which 

every average taken over a sufficiently laige space is zero 

Substitutmg these values of the components of velocity in 
the equation of motion 

0 ^ _ 3^4 324 dp 

dt dx dy dz dx* 

* Phil Mug XXIV (1887) p 34*’ Kelvin s Math and JPhys Papers iv p 308 
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there results 


8/(y 0 , 

dt 
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Take now the xz averages of both members The quantities 
dvfl'dt 0^6 jdoc, V dpidx have zero averages , so the equation 
takes the form 


dfiyjl 

dt 


= -A 


du du' di(f\ 

, 9a; dy dz J 


if the symbol A is used to indicate that the xz average is to be 
taken of the quantity followup Moreovei, the mcompressi 
bility of the fluid is expressed by the equation 


whence 


du dv dw 
^ dy^ dz 


0 = -A 


u 


du 9i> , dw\ 

dx dy dz J 


When this is added to the preceding equation, the first and 
third pans of terms of the second member vamsh, smce the 
X average of any denvate dQ/dx vanishes if Q is finite for 
infinitely great values of x , and the equation thus becomes 


dt dy 


From this it is seen that if the turbulent motion were to remain 
continually isotropic as at the beginning,/ {y, t) would constantly 
retain its critical value f (y) In order to examine the deviation 
from isotropy, we shall determine Ad(uv)/dt, which may be 
done in the following way —Multiplying the and v equations 
of motion by v, u' respectively and adding we have 

^ §/ (M ^ ^-fCyt) 

dt dt ' dx dy dx 

diu'v) d{u'v) dp ,dp 

07/ 05: 0£C 
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Taking the xz average of this we observe that the first term of 
the first member disappears since A 'y is zero, and the fiist 
term of the second member disappears since A d{u v)/d% is 
zero Denoting by the average value of u oi w so 
that It may be called the average velocity of the tuibuleiit 
motion the equation becomes 


I'- 


{uv)] = - ^ Q 


where 

Q ^ A 


,d(uv) dC'av) d('i^v) dp ^ dp) 
dx dy dz dx dy) 


Let p be written {f + ot) where f denotes the value which p 
would have if f were zero The equations of motion immediatelj 
give 


- V'i? 


f'^v\ fdwy .(Vdw ^dwdu * dti dv 
^dxj \py) J dz dydx^ 


and on subtracting the forms which this equation takes in the 
two cases we have 


- = 2 


df{y, t) dy 
dy dsi 


which, when the turbulent motion is fine grained so that 
/ {y t) IS sensibly constant ovei ranges within which u v, w 
pass through all their values may be written 


ZJ 


Moreover we have 


o y(y 0 ^ 

d7J dx 


0 = A \u 


d(u'v) 

dx 


+ V 


d{uv) 


+ VO 


d{u'v) 

dz 


+ V 


dp 

dx 


+ U' 




for positive and negative values of v, w are equally probable , 
and therefore the value of the second member of this equation 
is doubled by adding to itself what it becomes when for w 
we substitute -il -v -w , which (as may be seen by inspection 
of the above equation in V*jp) does not change the value of p^ 
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Comparing this equation with that which determines the value 
of Q we have 


Q = A [v- +u' -- 
\ dx dy, 


or suhstitutmg foi zj 


A (, 

% \ 


... 9 


V ® — 


dx 




. dv 


dx 


The isotropy with respect to x and z gives the equation 


0 

’ 00? 




2A {Vo^ -^Uo A I'yo ( ^ ^ 


dvo 

to 


{ 0® 02' 
’ 1^00?^ ^ dz 


0 0\ 0| 

+ ( — 4 ^4^0 ^ ^ 

00? ozj cy) 

But by integration by parts we obtain the equation 
. ^0 


V“*^0 


^ 9 V, ^ 9^o\ 9 ^ . 


and by the condition of mcompressibihty the second member 
may be written 

A (too/02/) (9/92/) or - A Vo ) V 

so we have 

f yfe «) A L{Z^£.£)l v-» 

aj, ^ + df 3yvi 

On account of the isotropy we may write J for 


9* 


0* 


dx‘ 9y* ^ 02» ' 


so 

and, therefore 


<2„ = -^i2^ 


5/(y 0 
dy ’ 




<=0 


The deviation from isotropy shown by this equation is very 
small because of the smallness of d/(y t)ldy The equation is 
therefore not restricted to the initial values of the two members 
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for we may neglect an mfinitesimal deviation from (2/9) K in 
the first factor of the second member in consideration of the 
smallness of the second factor Hence for all values of t we 
have the equation 


iv< 

which in combination with ( 1 ) yields the result 


the form of this equation shows that Icmvmar disturbances aie 
P' 1 0'pagated though the vortex sponge in the same 'manner as 'waves 
of d'hstortion in a homogeneous elastic solid 

The question of the stability of the turbulent motion remained 
undecided , and at the time Thomson seems to have thought it 
likely that the motion would suffer diffusion But two years 
later* he showed that stability was ensured at any rate when 
space IS filled with a set of approximately straight hollow vortex 
filaments Titz Geraldf subsequently determined the energy per 
unit volume in a tuibulent liquid which is transmitting laminar 
waves Writmg for brevity 


(2/9) = F 

the equations are 
dP 
dt “ 

If the quantity 


f(y t)--P and A (u'v) = 7 , 




and 


dt 


dy 




IS integrated throughout space and the variations of the 
integral with respect to time are determined it is found that 


_9 

dt, 


'S.dxdydz = 


K- 


dt 

.dP 


dt 


y^)^dydz 


Hoy lush Acad (3) i (1889) p 340 Kelym s Jlf(a5^7i andThys Papers 

IV p 202 

t Bnt Assdc Eep 1899 Fitz Gerald s Scveniijfc Wrtttnffs p 484 
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Integrating the second teim under the integral by parts and 
omitting the superficial terms (which may be at infinity or 
wheiever energy enters the space under consideration) we have 


0 r 


S dx dy dz 




Hence it appears that the quantity S which is of the dimensions 
of energy must be proportional to the eneigy per unit-volume 
of the medium — a result which shows that there is a pronounced 
similarity between the dynamics of a vortex sponge and of 
Maxwells elastic aether 

A definite vortex sponge model of the aether was described 
by TTi f.Ir s m his Presidential Address to the mathematical 
section of the British Association m 1895 * In this the small 
motions whose function is to confer the quasi rigidity were not 
completely chaotic but were disposed systematically The 
medium was supposed to be constituted of cubical elements of 
fluid each containing a rotational circulation complete in itself 
111 any element the motion close to the central vertical diameter 
of the element is veitically upwards the fluid which is thus 
carried to the upper part of the element flows outwards over 
the top, down the sides and up the centre again In each of 
the SIX adjoinmg elements the motion is similar to this but m 
the leverse direction The rotational motion m the elements 
confers on them the power of resisting distoition so that waves 
may be piopagated through the medium as through an elastic 
solid , but the lotations are without effect on urotational 
motions of the fluid, provided the velocities in the ixrotational 
motion are slow compared with the velocity of propagation of 
distortional vibrations 

A different model was described four years later by 
Pitz Gerald f Since the distribution of velocity of a fluid m the 


* Brit Assoc Rep 1895 p 695 

rProc Roy DuWm Soc December 12 1899 FitzGeralds SexmUJicr 

TTritint/ii p 472 
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neighbourhood of a vortex filament is the same as the distribu 
tion of magnetic force aroimd a wire of identical form carrying 
an electric current it is evident that the fluid has more energy 
when the filament has the form of a helix than when it is 
straight, so if space were filled with vortices whose axes 
were all parallel to a given direction there would be an 
increase m the energy per unit volume when the vortices 
were bent into a spiral form , and this could be measured by 
the square of a vector— say E— which may be supposed parallel 
to this direction 

If now a single spiral vortex is surrounded by parallel 
straight ones the latter will not remam straight but will be 
bent by the action of their spiral neighbour The transference 
of spirahty may be specified by a vector H which will be dis 
tributed m circles round the spiral vortex , its magnitude will 
depend on the rate at which spirahty is being lost by the 
origmal spiral and can be taken such that its square is equal 
to the mean energy of this new motion The vectors E and H 
will then represent the electric and magnetic vectors, the 
vortex spirals representing tubes of electnc force 

FitzGeralds spirality is essentially similar to the la-Tninm 
motion investigated by Lord Kelvin smee it involves a flow in 
the direction of the axis of the spiral and such a flow cannot 
take place along the direction of a vortex filament without a 
spiral deformation of a filament 

Other vortex analogues have been devised for electro 
statical systems One such which was described in 1888 by 
W M Hicks * depends on the circumstance that if two bodies 
m contact man infinite fluid are separated fiom each other and 
if there be a vortex filament which terminates on the bodies 
there will be formed at the point where they separate a hollow 
vortex filamentt stretchmg from one to the other, with rotation 

♦ But Assoc Bep 1888 p 577 

t A hollow vortex is a cyclic motion eastiugin a fluid without the presence of 
any actual rotational filaments On the general theoiy cf Hiclca Phil Irans 
clxxv (1883) p 161 clxxvi (1885) p 726 oxen (1898) p 33 
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cc[uil and opposite to that of the original filament As the 
])odics aie moved apart, the hollow vortex may, through failure 
oi St ibility dissociate into a number of smallei ones , and if 
the lesulting number be veiy large they will ultimately take 
u]) a position of stable equilibrium The two sets of filaments 
— the original filaments and their hollow companions — will be 
lutci mingled and each will distiibute itself according to the 
same law as the lines of force between the two bodies which are 
equally and oppositely electrified 

Since the pressure inside a hollow vortex is zero the portion 
of the surf ice on which it abuts experiences a diminution of 
pitssuie, the two bodies are therefore attracted Moreover as 
the two bodies separate further the distribution of the filaments 
being the same as that of lines of electric force the dimuiution 
ol ptcsbuie for each line is the same at all distances and there 
loi t the force between the two bodies follows the same law as 
tlui ioice between two bodies equally and oppositely electrified 
It nuy be shown that the effect of the original filaments is 
sinnl u the diminution of pressure being half as large again as 
foi the hollow vortices 

It anothei suiface weie brought into the presence of the 
othtis those of the filaments which encounter it would bieak 
off and real range themselves so that each part of a bioken 
hlauK nt terminates on the new body ihis analogy thus gives 
a complete iccount of electrostatic actions both quantitatn ely 
and qualitatively the electiic chaige on a body corresponds 
to the numbei of ends of filaments abutting on it the sign 
be ing determined by the direction of rotation of the filament 
as viewed fiom the body 

A magnetic field may be supposed to be produced by the 
motion of the vortex filaments through the stationary aether 
the mignctic force being at light angles to the filament and to 
its diicction of motion Electrostatic and magnetic fields thus 
coinspond to states of motion in the medium in which how 
evci theic is no bodily liow , for the two kinds of filament 
produce circulation in opposite directions 
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It IS possible that hollow vortices are better adapted than 
ordinary voitex filaments for the construction of models of the 
aether Such at any rate was the opinion of Thomson (Kelvin) 
in his later years * The analytical difficulties of the subject are 
formidable and progress is consequently slow , but among the 
many mechanical schemes which have been devised to repiesent 
electrical and optical phenomena none possesses greater interest 
than that which pictures the aethei as a vortex sponge 

* Proe Roy Irisfc Acad November 30 1889 Kelvin s Math and Bun 
Fapeu IV p 202 Rotational vortex coies he v rote must be ab&oliitely 
discarded and we must have nothing but iiTotational i evolution and vacuous 


coies 
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OHAPTEE X 

THE rOLLOWBRS OF MAXWELL 

The most notable imperfection in the electromagnetic theory 
of light as presented in Maxwells original memoirs was the 
absence of any explanation of reflexion and lefi action Before 
the publication of Maxwells Treatise however, a method of 
supplying the omission was indicated by Helmholtz* The 
pimciples on which the explanation depends are that the 
noimal component of the electric displacement D the tangential 
components of the electric force E and the magnetic vector B 
or H are to be continuous across the interface at which the 
leflexion takes place, the optical difference between the con 
tiguous bodies being represented by a difference in their 
dielectric constants and the electric vector being assumed to 
be at right angles to the plane of polarization f The analysis 
required is a mere tianscnption of MacCullagh’s theory of 
leflexionj if the derivate of MacCullaghs displacement e with 
respect to the time be inteipreted as the magnetic force 
ju cull e as the electric force and curl e as the electric displace 
ment The mathematical details of the solution were not given 
by Helmholtz himself but were supplied a few years later m 
the inaugural dissertation of H A Lorentz ^ 

In the years immediately following the publication of 
Maxwells Treatise a certain amount of evidence in favour of 

^ Jouinal fui Math Ixxu (1870) p 68 note 

t Helmholtz (loc cit ) pointed out that if the optical dijGPerence between the 
media weie assumed to be due to a difference in then magnetic permeabilities it 
would be necessaiy to suppose the magnetic vectoi at light angles to the plane of 
polanzation in order to obtain Fresnel s sme and tangent formulae of leflexion 
t Cf pp 148 149 154 -I 06 

§ /eitschiift fur Math ii Phys xxii (1877) pp 1 20o Over de theorie der 
Ui U(j1 aatnng en h el %ng van het licht Arnhem 1875 Lorentz s woik was based 
on Helmholtz s equations hut remains suhstantiully unchanged when Maxw ell s 
toiiuulae are substituted 

Z 
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his theory was furnished by experiment That an electric field 
IS closely concerned with the propagation of light was demon- 
strated m 1875 when John Kerr"^ showed that dielectrics 
subjected to powerful electrostatic force acquiie the property 
of double refraction their optical behaviour being similar to 
that of uniaxal crystals whose axes are directed along the lines 
of force 

Other researches undertaken at this time had a more direct 
bearing on the questions at issue between the hypothesis of 
Maxwell and the older potential theories In 1 8 7 5 -6 Helmholtz f 
and his pupil Schiller J attempted to discriminate between the 
various doctrines and formulae relative to unclosed circuits bj 
performmg a crucial experiment 

It was agreed in all theories that a ring shaped magnet 
which returns into itself so as to have no poles can exert no 
ponderomotive force on other magnets or on closed electric 
currents Helmholtz^ had however shown in 1873 that accord 
mg to the potential theories such a magnet would exert a 
ponderomotive force on an unclosed current The matter was 
tested by suspending a magnetized steel ring by a long fibie 
m a closed metalhc case neai which was placed a terminal of 
a Holtz machine Ho ponderomotive force could be observed 
when the machine was put in action so as to produce a brush 
discharge from the terminal from which it was inferred that 
the potential theories do not correctly represent the phenomena 
at least when displacement currents and convection currents 
(such as that of the electricity carried by the electrically repelled 
air from the teiminal) are not taken into account 

The researches of Helmholtz and Schiller brought into 
prominence the question as to the efiects produced by the 

*Phil Mag (4) 1 (1876) pp 337 446 (o)ym(18/9) pp 86 229 xiii (1882) 
pp 163 248 

t Monatabenclite d Acad d Beilin 1876, p 400 Ann d Phys clviii(l8^6) 
p 87 t Ann d Phys clix (1876) pp 466 637 clx (1877) p 333 

§ ihe valuable memoirs by Helmholtz in Journal fur Math Ixxu (1S70) 
p 57 Ixxv (1873) p 3o Ixxviii (1874) p 273 to which reference has alieady 
been made contain a full discussion of the various possibilities of the potential 
theories 
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translatory motion of electric charges That the convection 
of electiicity is equivalent to a current had been suggested 
long before by Paraday* ‘If he wrote in 1838 a ball 
be electrified positively in the middle of a loom and be then 
moved in any direction effects will be produced as if a current 
in the same direction had existed To decide the matter 
a new experiment inspired by Helmholtz was performed by 
H A Eowlandf in 1876 The electrified body in Eowlands 
disposition was a disk of ebonite coated with gold leaf and 
capable of turning rapidly round a veitical axis between two 
fixed plates of glass each gilt on one side The gilt faces 
of the plates could be earthed while the ebonite disk received 
electricity from a point placed near its edge , each coating of 
the disk thus formed a condenser with the plate neaiest to it 
An astatic needle was placed above the upper condenser plate, 
nearly over the edge of the disk, and when the disk was rotated 
a magnetic field was found to be produced This experiment 
which has since been repeated undei improved conditions by 
Eowland and Hutchinson, J H Pender§, and Eichenwald 1| shows 
that the convection current produced by the rotation of a 
chaiged disk when the other ends of the lines of force are on an 
earthed stationary plate parallel to it, produce^ the same mag 
netic field as an ordinary conduction current flowing in a circuit 
which coincides with the path of the convection current When 
two disks forming a condenser are rotated together the 
magnetic action is the sum of the magnetic actions of each of 
the disks separately It appears therefore that electiic charges 
cling to the matter of a conductor and move with it so far as 
Eowland' s phenomenon is concerned 

The first exammation of the matter fiom the point of view 
of Maxwell s theory was undertaken by J T Thomson IT in 1881 
If an electrostatically charged body is m motion the change in 

* Jlxpe'i Res § 1644 

t Monatsberichte d Akad d Beilm 1876 p 211 Ann d Phy clvin (1876) 
P 487 Annales dc China et de Phys xii (1877) p 119 

JPhil Mag xxvii (1889) p 44o \ Ihid ii (1901) p 179 v(1903) p 34 

11 Ann d Phys xi (1901) p 1 IT Phil Mag xi (1881) p 229 
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the location of the charge must produce a continuous alteration 
of the electiic field at any point m the surrounding medium , oi, 
in the language of Maxwell s theoiy there must be displacement- 
currents in the medium It was to these displacement curients 
that Thomson in his original investigation, attributed the 
magnetic effects of moving charges The particulai system 
which he considered was that formed by a charged spherical 
conduetoi moving uniformly in a straight line It was assumed 
that the distnbution of electricity remains uniform over the 
surface during the motion and that the electric field in any 
position of the sphere is the same as if the sphere weie at 
rest 5 these assumptions are true so long as quantities of oi der 
(i Icy are neglected wheie v denotes the velocity of the spheie 
and c the velocity of light 

Thomsons method was to determine the displacement 
currents m the space outside the spheie fiom the known 
values of the electiic field, and then to calculate the vectoi 
potential due to these displacement currents by means of the 
formula 

A = jJJ (S'/^) dy' dz 

where S denotes the displacement-current at [pr'y The 
magnetic field was then determined by the equation 

H = curl A 

A defect in this investigation was pointed out by Titz Gerald 
who m a short but most valuable note * pubhshed a few months 
afterwards observed that the displacement currents of Thomson 
do not satisfy the ciicuital condition This is most simply seen 
by considering the case in which the system consists of two 
parallel plates forming a condensei , if one of the plates is 
fixed and the other plate is moved towards it the electiic field 
IS annihilated m the space over which the moving plate travels 
this destruction of electric displacement constitutes a displace 
ment current which considered alone is evidently not a closed 

* Proo B.oy Dublin Soc Novembei 1881 Pitz Gerald 3 Scxentijio W'ixtxugs 
P 102 
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current The defect as FitzGerald showed may he immediately 
lemoved by assuming that a moving charge itself is to be counted 
as a curient element the total current thus composed of the 
displacement cui rents and the convection current is circuital 
Making this coirection litz Gerald found that the magnetic 
force due to a sphere of charge e moving with velocity v along 
the axis of % is curl (0 0 bvIt ) — a formula which shows that the 
displacement currents have no resultant magnetic effect since 
the term cv/t would be obtained from the convection current 
alone 

The expressions obtained by Thomson and Fitz Gerald were 
correct only to the first order of the small quantity 'ijc The 
effect of including terms of higher order was considered in 1889 
by Oliver Heaviside * whose solution may be derived in the 
following manner — 

Suppose that a charged system is in motion with uniform 
velocity v parallel to the axis of z , the total current consists of 
the displacement current E/47rc® where E denotes the electric 
force and the convection current pv wheie p denotes the 
volume density of electiicity So the equation which connects 
magnetic force with electiic current may be written 

E/c* = curl H “ 47rpv 

Eliminating E between this and the equation 

curl E - “ H, 

and remembering that H is here circuital, we have 
H/c - V H = 47r curl pv 

If therefore a vector potential a be defined by the equation 
a/c - V®a = 47rpv 

the magnetic force will be the curl of a , and from the equation 
for a it IS evident that the components clx and cty aie zero and 
that a is to be determined from the equation 
a Ic - = Airpv 

* Phil Mag xxvii (1889) p 324 
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Now let (a; y, denote coordinates relative to axes which 
are parallel to the axes {x, y s) and which move with the 
charged bodies , then a is a function of [x y Z,) only , so we 
have 


and 


0 ___a 

" % 

and the pieceding equation is 


a 3 

readily seen to be eqmvalent to 


a a 
w 


a^tts a «« 
dy a^i® 


= — ^TTp'O 


where lx denotes (1 - this is simply Poisson s 

equation with l^ substituted for 2 :, so the solution may be 
transcribed from the known solution of Poisson s equation it is 


rrr pv dfi dy dlx ^ 

“ “JJJ I(ii - ii )^ + (a; - it ) +{y -y) 

the mregrations bemg taken over all the space m which theie 
are moving charges , or 


pVdt dy dl' 




If the movmg system consists of a single charge e at the point 
2 = 0 this gives 

cv 

^ 1 [1 - V sin® 

where sin 6 «= (a, + y^)lr 

It IS readily seen that the lines of magnetic force due to the 
moving pomt charge are circles whose centres are on the line of 
motion, the magnitude of the magnetic force being 
ev(l - V jd^) sin 0 
T (1 - sin BJc )i 

The electric force is radial its magnitude being 

c^e (1 - V fc) 
r® (1 - ^ sin tijc 

The fact that the electric vector due to a moving point- 
charge IS everywhere radial led Heaviside to conclude that the 
same solution is applicable when the charge is distributed over 
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a perfectly conducting sphere whose centre is at the point the 
only change being that E and H would now vanish inside the 
sphere This inference was subsequently found* to be incorrect 
a distribution of electric charge on a moving sphere could in 
fact not be m equilibrium if the electric force were radial since 
there would then be nothing to balance the mechanical force 
exerted on the moving charge (which is equivalent to a cui rent) 
by the magnetic field The moving system which gives rise to 
the same field as a moving point charge is not a sphere but an 
oblate spheroid whose polar axis (which is in the direction of 
motion) bears to its equatorial axis the ratio [1 - If 

The energy of the field surrounding a chaiged sphere is 
greater when the sphere is in motion than when it is at rest 
To determine the additional energy quantitatively (retaining 
only the lowest significant powers of vjc) we have only to 
integrate throughout the space outside the sphere the expression 
H /Stt which represents the electrokinetic energy per unit 
volume the result is eH jia where e denotes the chaige v the 
velocity and ci the radius of the spheie 

It IS evident from this result that the work requiied to be 
done in order to communicate a given velocity to the sphere 
IS greater when the sphere is charged than when it is uncharged , 
that IS to say the viitual mass of the sphere is increased by an 
amount 2e^lda owing to the presence of the charge This may 
be regarded as arising from the self-induction of the convection- 
current which IS formed when the charge is set in motion It 
was suggested by J Larmor+ and by W Wient^ that the inertia 
of ordinary ponderable matter may ultimately prove to be of 
this nature the atoms being constituted of svstems of electrons || 

* By G F C Seaile 

t Cf Searle Phil Trans clxxxyii (1896) p 675 and Phil Ma xliv (1897) 

p o29 On tlie theorj of the moving electrified sphere cf also J J Thomson 

MecmtSe^miehes m JCUct and Mag p 16 0 Heaviside bUetrwal lapera n 

p 514 LUctromaji Theoiy i p 269 W B Moiton Phil Mag xh (1896) 

p 488 A Sohustei Phil Mag xlm (1897) B 1 

tPhil Trans clxxxvi (189o) p 697 § Arch Neerl (3) v (1900) p 96 

II Expenmeiital evidence that the ineitia oi electrons is purely electromagnetic 
was afterwaids furnished hyV Kaufmann Gott Naoh 1901 p 143 1902 p291 
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It may however be remarked that this view of the origin of 
mass IS not altogether consistent with the principle that the 
electron is an indivisible entity For the so called self induction 
of the spherical electron is leally the mutual induction of the 
convection cunents produced by the elements ot electric charge 
which are distributed over its surface , and the calculation of 
this quantity presupposes the divisibility of the total charge into 
elements capable of acting seveially in all respects as ordinary 
electric charges , a property which appears scarcely consistent 
with the supposed fundamental nature of the electron 

After the first attempt of J J Thomson to determine the 
field produced by a moving electrified sphere the mathematical 
development of Maxwells theory proceeded lapidly The 
pioblems which admit of solution m terms of known functions 
are naturally those m which the conducting surfaces involved 
have simple geometrical forms — planes spheres and cylinders * 
A result which was obtamed by Horace Lambf when 
investigating electrical motions in a spherical oonductoi led 
to mteiesting consequences Lamb found that if a spherical 
conductor is placed m a rapidly alternating field, the induced 
currents are almost entirely confined to a superficial layei , and 
his result was shortly afterwards generalized by Oliver Heavi 
side I who showed that whatever be the form of a conductor 
rapidly alternating currents do not penetrate far into its sub 
stance The reason for this may be readily undei stood it is 
virtually an application of the pimeiple|| that a perfect conductor 
IS impenetrable to magnetic lines of force No perfect conductor 
IS known to exist , butif if the alternations of magnetic force to 
which a good conductor such as copper is exposed are very 

*Cf eg C Niven Phil iians clxxu (1881) p 307 H Lamb Phil Irans 
clxxiv (1883) p 619 J J Thomson Proc Lond Math Soc xv (1884) p 197 
fl A Eowltind Phil Mag xvii(1884) p 413 J J Thomson Proc Lond Math 
Soc xvu (1886) p 310 xix (1888) p 620 and many investigations of Oliver 
Heaviside collected in his £!leetnoal Fapet s 

f Log cit {Electiiuan Jan 1886 

§ The mathematical theory was given by Lor 1 Payleigh Phil Mag xxi (1886) 
p 381 Of Maxwell s § 689 I| Of p 313 

H As was fii-st remarked by Loid Rayleigh, Phil Mag xui (1882) p 344 
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lapid the conductor has not time (so to speak) to display 
the imperfection of its conductivity and the magnetic field 
IS theretore unable to extend far below the surface 

The same conclusion may be reached by different reasoning * 
When the alternations of the current are very rapid the ohmic 
iLbistance ceases to play a dominant part and the ordinary 
equations connecting electromotive force induction, and current 
aie equivalent to the conditions that the currents shall be so 
distributed as to make the electrokmetic or magnetic energy a 
minimum Consider now the case of a single straight wire of 
circular cross section The magnetic energy in the space outside 

the wire is the same whatever be the distribution of current in 
the cross-section (so long as it is symmetrical about the centre) 
since it is the same as if the curient were flowmg along the 
central axis , so the condition is that the magnetic energy m 
the wire shall be a minimum , and this is obviously satisfied 
when the curient is concentrated in the superficial layer smce 
then the magnetic force is zero in the substance of the wire 
In spite of the advances which were effected by Maxwell 
and his earliest followers in the theory of electric oscillations 
the gulf between the classical electrodynamics and the theory 
ol light was not yet completely bridged For in all the cases 
consideied in the former science energy is merely exchanged 
between one body and another lemainmg within the limits of a 
given system , while in optics the energy travels freely through 
space unattached to any material body The fiist disco veiy of 
a more complete connexion between the two theories was made 
by litz Gerald who argued that if the unification which had 
been indicated by Maxwell is valid, it ought to be possible to 
generate ladiant eneigy by purely electiical means, and in 
188 If he described methods by which this could be done 

litz Geralds system is what has since become known as 
the 7]ficigii6t%o oscillcttcT it consists of a small circuit in which 

# Of J Stefan Wiener Sitzunfc,8bei xcix (1890) p 319 Ann d Phys xli 
(1800) p 400 

t Irans Hoy Dublin Soo iii (1883) Pitz G-eiald s Wnt%ngs^^ 122 
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the strength of the current i‘^ vaiied according to the simple 
periodic law The circuit will be supposed to be a ciicle of 
small area B whose centre is the origin and whose plane is the 
plane of xy , and the surrounding medium will be supposed 
to be free aether The current may be taken to be of sticngth 
A cos {2TrtlT\ so that the moment of the equivalent magnet 
IS SA cos Kow in the older electiodynamics the 

vector potential due to a magnetic molecule of (vectoi) moment 
M at the origm is (IMtt) curl (M/r) where r denotes distance 
fiom the origin The vector potential due to litzGoialdb 
magnetic oscillator would therefore be fl/47r)eurlK wheie K 
denotes a vector parallel to the axis of z and of magnitude 
(1/^ ) SA cos {2Trtl T) The change which is involved m repl icing 
the assumptions of the older electrodynamics by those, ot 
Maxwells theory is in the present case equivalent* to letaiding 
the potential so that the vectoi potential a due to the oscillat oi 
IS (l/47r) curl K where K is still directed parallel to the axis of 
s and IS of magnitude 

The electric force E at any point of space is - a and tin 
magnetic force H is curl a so that these quantities may be 
calculated without difficulty The electric energy pei unit 
volume IS E /Sttc performing the calculations it is found th it 
the value of this quantitj averaged over a penod ol tlie 
oscillation and also averaged over the surface of a sphere ot 
radius r is 

6or*r cT ) 

The part of this which is radiated is evidently that which 
IS proportional to the inverse square of the distance f so the 

*Cf pp 298 299 

tThe other tenn which is neglected is yeiy small compaied to tlie term 
retained at great distances from the ongin it is what would be obtained if the 
effects of induction of the displacement currents were neglected i e it is the 
energy of the forced displacement currents which are produced diioctly by tbe 
variation of the primary current and which originate tlie radiating displacement 
currents 


SA 2irf 


t - 
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aveiage value of the radiant energy of electiie type at distance 
i from the oscillator is 2 per unit volume The 

ladiant energy of magnetic type may be calculated in a similar 
way and is found to have the same value , so the total radiant 
energy at distance r is ISc^r per unit volume , 

and therefore the energy radiated in unit time is 167r^-^4 S'/Sc^P 
ihis IS small unless the frequency is very high , so that 
ordinary alternating currents would give no appreciable radia- 
tion iitz Gerald however in the same yeai* indicated a 
method by which the difficulty of obtaining currents of 
biifficiently high fiequency might be overcome this was to 
employ the alternating currents which are produced when 
a condenser is dischaiged 

The FitzGeiald ladiatoi constiucied on this principle is 
closely akin to the radiator afterwards developed with such 
success by Hertz the only difference is that in FitzGeralds 
aiiangement the condenser is used merely as the store of 
eneigy (its plates being so close together that the electrostatic 
hold due to the charges is practically confined to the space 
between them) and the actual source of radiation is the 
ilternxting magnetic field due to the circular loop of wire 
while in Hertzs arrangement the loop of wire is abolished 
the condonsei plates are at some distance apart and the source 
of ladution is the alternating electrostatic field due to their 
eh irges 

In the study of electrical radiation valuable help is afforded 
by a genoial theorem on the transfer of energy in the electro 
magnetic field, which was discoveied in 1884 by John Henry 
Poyntmg-f We have seen that the older writers on electric 
currents recognized that an electric current is associated with 
the transport of energy from one place (eg the voltaic cell 
which maintains the cuiient) to another (eg an electromotor 
which 18 worked by the curient) but they supposed the energy 
to be conveyed by the current itself within the wire in much 

But A soc Rep 1883 ViizOerM s Soientijic 7Ft ttings p 129 
tPhil Trans clxw ^1884) p 343 
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the same way as dynamical energy is cairied by water flowing 
in a pipe, whereas in Maxwells theory the storehouse and 
vehicle of energy is the dielectric medium surrounding the wire 
What Poyntmg achieved was to show that the flux of eneigy at 
any place might be expressed by a simple formula in terms of 
the electric and magnetic forces at the place 

Denotmg as usual by E the electric force by D the electric 
displacement by H the magnetic force and bj B the magnetic 
induction the energy stored in unit volume of the medium is* 
JED 4- (l/ 87 r)BH, 

so the increase of this in unit time is (since in isotropic media 
D IS proportional to E and B is proportional to H) 

ED + (l/47r) HB 

or E(S-i) + (l/47r)HB 

where S denotes the total current and i the cuirent of 

conduction, or (m virtue of the fundamental electiomagnetic 

equations) 

- (E i) + (l/ 47 r) lE curl H) - (l/ 47 r) (H cml E' 
or -(E i) - (l/ 47 r) div [E H] 

Now (E i) is the amount of electric eneigy transfoirned into 
heat per unit volume per second, and therefore the quantity 
- (l/ 47 r) div [E H] must represent the deposit of energy in unit 
volume per second due to the streaming of energy, which 
shows that the flux of energy is represented by the vector 
(l/4:r)[E H]t This IS Poyntmg s theorem that the Jl'ux of 
energy at any ;place is represented ly the vietoi -product of the 
electric and magnetic forces divided ly iirX 
*Cf pp 248 250 282 

t Of course any circuital vectoi may be added II M Macdonald BUctrio Waves 
p 72 propounded a form which diffeis fiom Poyntmg s by a non circuital vectoi 
JThe analogue of Poyntmg s theorem in the theory of the vibiations of an 
IS tropic elastic solid may be easily obtained foi fiom the equation of motion of 
an elastic sohd 

= - (A; + 4«/3) glad div e — n curl cm I e 

It follows that 

0 
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111 the special case of the field which sui rounds a straight 
wire carrying a continuous current the lines of magnetic force 
are circles round the axis of the wire while the Imes of electric 
force are directed along the wire , hence enei^y must he flowing 
in the medium m a direction at right angles to the axis of the 
wire A current in any conductor may therefore he regarded 
as consisting essentially of a convergence of electric and magnetic 
eneigy from the medium upon the conductor and its trans- 
formation there into other forms 

This association of a current with motions at right angles to 
the wiie in which it flows doubtless suggested to Poyntmg the 
conceptions of a memoir which he puhhshed* in the followmg 
year When an electric current flowing m a straight wire is 
gradually increased m strength from zero the surrounding space 
becomes filled with lines of magnetic force which have the form 
of circles lound the axis of the wire Poyntmg adoptmg 
Faiaday s idea of the physical reahty of lines of force assumed 
that these lines of force arrive at their places by movmg out- 
waids from the wiie, so that the magnetic field grows by a con- 
tinual emission from the wire of lines of force which enlarge 
and spread out like the circular ripples from the place where a 
stone is dropped into a pond The electromotive force which is 
associated with a changing magnetic field was now attributed 
directly to the motion of the hues of force, so that wherever 
electromotive force is pioduced by change m the magnetic field 
or by motion of matter through the field the electric intensity 
IS equal to the number of tubes of magnetic foice mtersected 
by unit length in unit time 

A siinilai conception was introduced m regard to hnes of 
electric force It was assumed that any change m the total 

wheie W denotes the vectoi 

- (ifc + 4 m/ 3) div e e + n [curl e e] 

and since tlie expresbion which is diffeientiated with respect to t represents the 
sum of the kmatic and potential energies per unit volume of the solid (save for 
terms vhich give onlj surface integrals) it is seen that W is the analogue of the 
Poyntmg vector Of L Donati Bologna Mem (6) vu (1899) p 633 

* Phil Trans tlxxvi (1886) p “7 1 
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electric induction through a curve is caused by the passage of 
tubes of force in or out across the boundary , so that whenevei 
magnetomotive force is pioducedby change in the electric field 
or by motion of matter through the field the magnetomotive 
force IS proportional to the number of tubes of electric force 
intersected by unit length in unit time 

Toynting moreover assumed that when a steady current C 
flows in a straight wire G tubes of electiic force close in upon 
the wme m unit time and are there dissolved their energy 
appearing as heat If JS denote the magnitude of the electric 
force the eneigy of each tube per unit length is IJH so 
the amount of energy brought to the wire is }GJI pei unit 
length per umt time Ihis is however only half the eneigj 
actually transformed into heat in the wne so Poyntmg furtliei 
assumed that 1 tubes of magnetic force also move in per unit 
length per umt time and finally disappear by contraction to 
infinitely small rings This motion accounts for the existence 
of the electric field, and smee each tube (which is a closed iing) 
contains energy of amount the disappearance of the tubes 
accounts for the remaining iCS units of energy dissipated in 
the wire 

The theory of moving tubes of force has heeii extensively 
dev eloped by Sir Joseph Thomson * Of the two kinds of tubes 

^magnetic and electric — which had been introduced by Paiada) 

and used by Poyntmg Thomson resolved to discard the foimei 
and employ only the latter This was a distinct departure 
from Faraday s conceptions in which as we have seen great 
significance was attached to the physical reahty of the magnetic 
lines , but Thomson justified his choice by mfereuces drawn 
from the phenomena of electric conduction m liquids and gases 
As will appeal subsequently these phenomena indicate that 
molecular structure is closely connected with tubes of electro- 
static force— perhaps much more closely than with tubes of 
magnetic force, and Thomson therefore decided to regard 

* Phil Mag xxxi (1891) p 149 Thomson b Recent Jteseai ches %ft Meet and 
Mag (1893) chaptei i 
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mai^uetism as the secondaiy effect and to ascribe magnetic 
helds not to the presence of magnetic tubes but to the motion 
of ( lectiic tubes In order to account foi the fact that magnetic 
fields may occur without any manifestation of electric force, he 
assumed that tubes exist in great numbers everywhere in space 
eithei 111 the form of closed circuits or else terminating on atoms 
and that electric force is only perceived when the tubes have a 
greatei tendency to he in one direction than in another In a 
stead} magnetic field the positive and negative tubes might be 
conceived to be moving in opposite directions with equal 
velocities 

A beam of light might from this point of view be regaided 
simply as a group of tubes of force which are moving with the 
velocity of light at right angles to their own length Such a 
conception almost amounts to a return to the corpuscular 
theoiy, but since the tubes have definite directions per- 
pendicular to the direction of propagation, theie would now 
be no difficulty in explaining polarization 

The energy accompanying all electric and magnetic pheno 
meiia was supposed by Thomson to be ultimately kinetic energy 
of the aethei , the electric part of it being represented by rota 
tion of the aethei inside and about the tubes and the magnetic 
part l)eing the eneigy ot the additional distuibance set up in 
the aethei by the movement of the tubes The inertia of this 
latter motion he regaided as the cause o^^ induced electromotive 
force 

There was however one phenomenon of the electromagnetic 
field as yet unexplained in terms of these conceptions — namely, 
the ponderomotive foice which is exerted by the field on a 
conductoi caiiying an electric current Now any pondero 
motive force consists in a transfer of mechanical momentum 
from the agent which exerts the force to the body which 
expel lenccs it , and it occurred to Thomson that the pondero 
motive forces of the electromagnetic field might be explained if 
the moving tubes of foice which enter a conductor carrying a 
cm rent and are there dissolved weie supposed to possess 
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mechanical momentum which could he yielded up to the 
conductor It is readily seen that such momentum must he 
directed at right angles to the tube and to the magnetic 
induction — a result which suggests that the momentum stored 
in unit volume of the aethei may be proportional to the vector 
product of the electric and magnetic vectors 

Foi this conjecture reasons of a more definite kind may be 
given * We have already seenf that the ponderomotive forces 
on material bodies in the electromagnetic field may be accounted 
foi by Maxwell s supposition that across any plane in the aether 
whose unit normal is H there is a stress represented by 

Ph = (D N) E - i (D E) N + (l/4,r) (B W) H - (I/Stt) (B H) W 

So long as the field is steady (i e electrostatic or magnetostatic) 
the resultant of the stresses acting on any element of volume of 
the aether is .jero so that the element is in equilibrium But 
when the field is variable this is no longer the case The 
resultant stress on the aether contained within a surface B is 

J/Pn AB 

integrated over the surface transformmg this into a volume 
integral the term (D N) E gives a term div D E + (D V) E 
where V denotes the vector operator (9/033 3/02/ djdz] , and the 
fiist of these terms vanishes since D is a circuital vector, 
the term - ^ (D E) E gives in the volume integral a term 
J grad (D E) , and the magnetic terms give similar results 
So the resultant force on unrt volume of the aether is 

(B V) E + i grad (D E) + (l/4ir) (B V) E + (I/Stt) grad (B H), 

which may be written 

[curl E D] + (l/4w) [curl H B] , 

The hypothesis that the aether is a storehouse of medianical momentum 
which was first advanced by T J Thomson {Recent Researched in Meet and Mag 
(1893), p 13), was afterwards developed by H Pomcaie Archives ^eerl (2) v 
(1900) p 252 and by M Abraham, Grott, Nach 1902 p 20 
tCf p o02 
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01 by virtue of the fundamental equations for dielectrics 
[-B D] + [D B] or (dldt)[T) B] 

Ihis lesult compels us to adopt one of three alternatives 
( ithoi to modify the theory so as to reduce to zero the resultant 
loioe on an element of free aether , this expedient has not met 
witli geneial favour,* or to assume that the force m question 
sets the aether in motion this alternative was chosen by 
Helmholtz f but is inconsistent with the theory of the aether 
which was generally received in the closing years of the century, 
or lastly with Thomson J to accept the principle that the aether 
IS itself the vehicle of mechanical momentum of amount [B B] 
pel unit volume 

Maxwells theoiy was now being developed in ways which 
could scaicely have been anticipated by its authoi But although 
evciy year added something to the superstructure, the founda 
tions lemamed much as Maxwell had laid them, the doubtful 
iigiiment by which he had sought to justify the introduction 
ol displacement currents was still all that was offeied in their 
deience In 1884, however the theory was established? on a 
diWcicnt basis by a pupil of Helmholtz Heiniich Hertz 
(h 1857 d 1894) 

The train of Heit/ ideas resembles that by which Ampere 
on houmg of Oeisteds discovery of the magnetic field pioduced 
by elcotiic cunents infened that electiic currents should exert 
pondeiomotive forces on each other Ampere argued that a 
current being competent to originate a magnetic field must be 
cqmvilent to a magnet in other respects, and therefore that 
cunents like magnets, should exhibit forces of mutual attraction 
and lepulsion 

* It was howGVei adopted by G T Walker Aberration and the JSleclromagnetic 
titld Camb 1900 

tBcrlm Sit/ungsbenchte 1893 p 6-19 A.nn d Ihys Im (1894) p 13o 
HtiltnhoU/ Hupposed the aether to behave as a frictionless incompi essible fluid 

i I o( oit 

5 Ami d Phys xxui (1884) p 84 English version in Hei tz b 
raptiH translated by D E Jones and G A Schott p 273 
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Ampere s reasoning rests on the assumption that the mag 
netic field produced by a current is in all respects of the same 
nature as that produced by a magnet , in othei words that only 
one land of magnetic force exists This principle of the ‘ unity 
of magnetic force Hertz now proposed to supplement by assert 
mg that the electric force generated by a changing magnetic 
field IS identical in nature with the electnc force due to electi o 
static charges, this second principle he called the unity of 
electnc force Suppose then that a system of electric ciirients 
1 exists m otherwise empty space According to the oldei 
theory these currents give nse to a vector potential a, , equal 
to Pot 1 * and the magnetic force Hi is the curl of ai while 
the electric force Ei at any point m the field, produced by the 
variation of the currents is - aj 

It IS now assumed that the electric force so produced is 
indistinguishable from the electnc force which would be set 
up by electrostatic charges and therefore that the system of 
varying currents exerts ponderomotive foices on electrost itic 
charges, the principle of action and reaction then lequiits that 
electrostatic charges should exert pondeiomotive foices on a 
system of varying currents, and consequently (again appealing 
to the principle of the unity of electric force) that two systems 
of varying cui rents should exert on each other ponderomoti\C/ 
forces due to the variations 

But just as Helmholtz f by aid of the piincipk oi cousei 
vation of energy deduced the existence of an clectiomotive 
force of induction from the existence of the pondeiomotive 
forces between electric currents (i e variable electnc systems) 
so from the existence of ponderomotive foices between vaiixbk 
systems of currents (le variable magnetic systems) we may 
infer that variations in the rate of change of a variable magnetic 
system give rise to induced magnetic forces in the suiiounding 
space The analytical foimulae which determine these toiccs 

* a = Pot jS IS used to denote llie solution of the equation v a + 47r/3 = 0 

tOf p 243 
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will be of the same kind as in the electric case, so tlnit 
mduced magnetic force H' is given by an eq^uation of tin./ oi 

H' = (l/cOb. 

where c denotes some constant and hi which is analoffoos i <* 
the vector potential in the electric case is a ciioiiital vt < 
whose curl is the electric force Ei of the variable iiia},iu 
system The value of b, is theiefoie (l/47r) curl I’ot E, *<'* 
we have 

H = - 7^-; |r curl Pot ai 
4irc" ai 

This must be added to H, Writing for the sum Hi -» H' w* 
see that Hs is the curl of Oj wheie 

1 3’ T> 1 . 


and the electric force Ea will then be - aa 

This system is not however final, for we must now pt riuiiu 
the piocess again with these improved values ot tlm i U < 1 1 1< 
and magnetic forces and the vector potential , and so wt obt uin 
for the magnetic force the value curl aj and for tlui i h ( 1 1 »t 
force the value - a.3 where 


*■ - e;? IT 


= ai — 


47rc^ dt^ 


|-Potai + 


S Pot Pot ai 


(47rc y dH 


This process must agam be repeated indefinitely , so finally wo 
obtain foi the magnetic force H the value cuil a, and i ot t ht 
electric force E the value — a where 


a = ai - 7^ I7 Pot ai + 77^ Pot Pot ai 


47rc dl‘ 


1 9' 

(47rc0’ dd 
2 A 2 


Pot Pot Pot ai t 
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It IS evident that the quantitj a thus defined satisfies the 
equation 

V^a = V a, + i a 

c 9r 

or Va — r— a=-47ri 

^ dt 

This equation may he wiitten 

curl H = (1/c ) E + 47ri, 

while the equations H = cuil a E = - a give 
cuil E = - H 

Ihese are however the fundamental equations of Maxwell s 
theoiy in the foim gi\en in his memoii of 1868* 

That Hertzs deduction is ingenious and interesting will 
leadily be admitted That it is conclusive may scaiccly be 
claimed for the argument of Helmholtz legarding the induc- 
tion of currents is not altogether satisfactoiy , and Heit/ m 
following his master, is on no surer ground 

In the course of a discussionf on the validity of Hertz s 
assumptions which followed the publication of his papei 
E AulmgerJ brought to light a contradiction between the 
principles of the unity of electric and of magnetic foice and 
the electrodynamics of Webei Consider an electrostatically 
charged hollow sphere in the intenoi of winch is a wirt 
carrying a vanable current According to Webers theory 
the sphere would exeit a turning couple on the wiie, but 
accoidmg to Hertzs piinciples no action would be excited 
since charging the sphere makes no difference to either the 
electric or the magnetic force in its interior The expeiiment 
thus suggested would be a crucial test of the correctness of 
Webers theory , it has the advantage of lequirmg nothing 
but closed curients and electrostatic charges at lest , but 
the quantities to be observed would be on the limits of 
observational accuracy 
*Cf p 28/ 

fLorberg Ann d Phys xxvii (1886) p 666 xxxi (188/) p HI 
Boltzmann %h%d xxix (1886) p 598 { Ann d Phys xxvii (1886) p 119 
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After his attempt to justify the Maxwellian equations on 
theoretical grounds Hertz turned his attention to the possibihty 
of veiifying them by direct experiment His interest in the 
matter had first been aroused some years previously when the 
Berlin Academy proposed as a prize subject To establish 
experimentally a relation between electromagnetic actions and 
the polarization of dielectrics Helmholtz suggested to Hertz 
that he should attempt the solution , but at the tune he saw 
no way of bringing phenomena of this kind within the limits of 
obseivation Prom this time forward however the idea of electric 
oscillations was continually present to his mind , and in the 
spring of 1886 he noticed an effect* which formed the staiting 
point of his later reseaiches When an open circuit was formed 
of a piece of copper wire bent into the form of a lectangle 
so that the ends of the wire were separated only by a short air 
gap and when this open circuit was connected by a wire with 
any point of a circuit through which the spark discharge of an 
induction coil was taking place it was found that a spark 
passed in the air gap of the open ciicuit This was explained 
by supposing that the change of potential which is piopagated 
along the connecting wire from the induction coil reaches one 
end of the open ciicuit before it reaches the othei, so that a 
spark passes between them, and the phenomenon therefoie 
was regarded is indicating a finite velocity of propagation of 
electric potential along wires t 

^ Ann d Plijs xxxi (1887) p 421 Hertz’s Waves translated bv 

D E Jones n 29 

t Unknown to Heitz the tiansmission of electno waves along wires nad been 
obseived m 18^0 b} Wilhelm TOn Bezold Munchen Sitzungsbeiichte i (1870) 
p 113 Phil Mag xl (1870) p 42 If he wrote at the conclusion of a senes 
of experiments * electrual vavesbe sent into a wiie insulated at the end they 
will be leflocted at that end 1 he phenomena which accompany this process in 
alteinating dischar^jcs appear to owe their origin to the interference of the 
ad\unciiig and reflected waves ’ and an electiic discharge tiavels with the 
<<ame ia])idit]^ in wires of equal length without lefeience to the materials of 
w hich these wires are made 

riiO subject was investigated by 0 J Lodge and A P Chattock at almost the 
same time as Hertz s experiments veie being earned out mention was made of 
then losearihes at the meeting of the British Association in 1888 
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Continuing his expenments Hertz* found that a spark 
could be induced in the open or secondary circuit even when it 
was not in metallic connexion with the primary circuit in which 
the electric oscillations were generated, and he rightly inter 
preted the phenomenon by showing that the second uy ciicuit 
was of such dimensions as to make the free penod ol tlectnc 
oscillations in it nearly equal to the period of the oscillitions 
in the primary circuit, the disturbance which passed liom one 
circuit to the other by induction would consequently be gitatly 
mtensified m the secondary circuit by resonance 

The discovery that sparks may be produced 111 the an gip 
of a secondary circuit provided it has the dimensions pioper 
for resonance was of great importance for it supplied a motliod 
of detectmg electrical effects in an at a distance from the piiin 11 y 
disturbance, a suitable detector was in fact all that was needed 
m order to observe the propagation of electric waves in iioe 
space and thereby decisively test the Maxwellian theory io 
this work Hertz now addressed himself f 

The radiator or primary source of the disturbances studied 
by Hertz may be constructed of two sheets of metal 111 the 
same plane, each sheet carrying a stiff wire which projects 
towards the other sheet and terminates in a knob , the sht c ts 
are to be excited by connecting them to the terminals ol an 
mduction coil The sheets may be regarded as the two coatings 
of a modified Leyden jar, with air as the dielectiic between 
them, the electric field is extended throughout the an instead 
of bemg confined to the narrow space between the coatings as 
m the ordmary Leyden jar Such a disposition eiisiiies that 
the system shall lose a large part of its energy by radiation 
at each oscillation 

* Loc eit 

t Sir Oliver Lodge was about this time independently studying electric oscilla 
tions in air in connexion vith the theory of lightning cond, actors cf I o<Jge 
Phil Mag XXVI (1888) p 217 So long bef(ie as 1842 Joseph Henry, of 
Washington had noticed that the inductive effects of the Lejden jar dischaige 
could be observed at considerable distances and had even suggested a compuiison 
with a spark from flint and steel in the case of light ’ * 
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As m the jar discharge* the electricity surges from one 
sheet to the other with a period pioportional to where 

C denotes the electrostatic capacity of the system formed by 
the two sheets and L denotes the self mduction of the 
connexion The capacity and induction should be made as 
small as possible in order to make the period small The 
detectoi used by Hertz was that already described namely 
a wire bent into an incompletely closed curve and of such 
dimensions that its free period of oscillation was the same 
as that of the primary oscillation so that resonance might take 
place 

Towaids the end of the year 1887 when studying the sparks 
induced in the resonating circuit by the primary disturbance. 
Hertz noticed! that the phenomena were distinctly modified 
when a large mass of an insulating substance was brought 
into the neighbouihood of the apparatus , thus confirming the 
principle that the changing electric polarization which is pro- 
duced when an alternating electric force acts on a dielectric 
IS capable of displaying electromagnetic effects 

Early m the following year (1888) Heitz determined to 
verify Maxwells theory directly by showmg that electro- 
magnetic actions are propagated in air with a finite velocity J 
For this purpose he transmitted the disturbance from the 
primary oscillatoi by two different paths, viz through the air 
and along a wire , and having exposed the detector to the joint 
influence of the two partial disturbances he observed inter 
ference between them In this way he found the ratio of the 
velocity of electric waves in air to their velocity when conducted 
by wiies , and the lattei velocity he determmed by observing 
the distance between the nodes of stationary waves in the wire 
and calculating the period of the primary oscillation The 
velocity of propagation of electric disturbances in air was m 

• Cf p 263 

tArni d Phys xxxiv p 373 TTawa (English edition) p 96 

} Ann d Phys xxxiv (1888) p 661 SUctne Wanes (English edition) p 107 
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this way shown to be finite and of the same order as the 
velocity of light * 

Later in 1888 Hertzf showed that electric waves in an are 
reflected at the surface of a wall , stationary wa% es may thus 
be produced and mteiference may be obtained between diiect 
and reflected beams travelling in the same direction 

The theoretical analysis of the disturbance emitted by a 
Hertzian radiator aecordmg to Maxwell s theoiy was given by 
Hertz m the following year J 

The effects of the radiator are chiefly determined by the 
free electric chaiges which, alternately appearmg at the two 
sides generate an electiie field by their presence and a magnetic 
field by their motion In each oscillation as the chaiges on 
the poles of the radiator increase from zeio lines of electiie 
force having their ends on these poles, move outwards into 
the surrounding space When the charges on the poles attain 
their greatest values the hnes cease to issue outwards and the 
existing hnes begin to retreat mwards towards the poles , but 
the outer hnes of force contract m such a way that their uppei 
and lower parts touch each other at some distance from the 
radiator and the remoter portion of each of these lines thus 
takes the form of a loop, and when the rest of the line of 
force retreats mwards towards the radiator this loop becomes 
detached and is propagated outwards as radiation In this 
way the radiator emits a senes of whirl-rings which as they 
move grow thmner and wider, at a distance the distui bailee 


Hertz s experiments gave the value 45/28 foi the ratio of the velout-s of 
electric waves in air to the velocity of electric waves conducted hv the wiics and 
2x 10*« ems per sec for the latter velocity Ihese numbeis weie afterwards 
found to be open to objection Poincare (Comptes Bendas cxi (1890) p 32i) 
showed that the period calc, dated by Hertz w as V2 x the tiue period which w ould 

n^e the velocity of propagation in air equal to that of hght x V2 Ernst Lecher 
(Wiener Benchte May 8 1890 Phil Mas- nSQm n ioqv 
Av. +Ka 4 . £ 7 , ^ ^ P ^28) expenmentinir 

Tt7 0^ propagation of electric vibiations in wires found instead of 

-P s f within two per cent of the velocity of 

UghL E SarasinandL DeLaBive atGeneva(Aiohivesdes Sc Phys xxixll89dn 
fin^y pioved that the velocities of propagation\„ a.i and along wSs aTe eiS ” 
d Phys ^v (1888) p 610 (Englifh edition) p 124 

tihd xxxvi(1889) p 1 i&ctr, a ir«®ss (Lnghsh edition) p 137 



361 


The Followers oj Maxwell 


IS approximately a plane wave the opposite sides of the ring 
representing the two phases of the wave When one of these 
rings has become detached from the radiator the energy con- 
tained may subsequently be regarded as travelling outwaids 
with it 

To discuss the problem analytically^ we take the axis of 
the radiator as axis of % and the centre of the spaik gap as 
origin The field may be regarded as due to an electric doublet 
formed of a positive and an equal negative charge displaced 
from each other along the axis of the vibrator and of 
moment 

Ac sin (2Trctj\) 

the factor being inserted to repiesent the damping 

The simplest method of proceeding which was suggested by 
Pitz Gerald t is to form the retarded potentials ^ and a of 
L Loienz J These are determined in terms of the chaiges and 
their velocities by the equations 


whence it is readily shown that in the present case 


wheie 


^ - dFIds a = (0 0 dF/df) 


^ 0 ) 2Tr , , . 

F = sin — {ct - T) 

T Ai 


The electric and magnetic fon es are then determined by the 
equations 

E = giad ^ - a H = curl a 

It IS found that the electric force may be regarded as com 
pounded of a force <^2 parallel to the axis of the vibrator and 
depending at any instant only on the distance from the vibrator 
together with a force sin H acting in the meridian plane 

^ Of Karl Pearson and A Lee Phil Irans cxciii (1899) p 165 
+ Brit Assoc Rep , Leeds (1890) p 765 

{ Of p 298 Ihe use of retarded potentials was also recommended in the 
following year by Poincar^ Comptes Reudus, cxui (1891) p 616 
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perpendicular to the radius fiom the centre where depends at 
any instant only on the distance from the vibrator, and 0 
denotes the angle which the radius makes with the axis of the 
oscillator At points on the axis and in the equatorial plane 
the electric force is parallel to the axis At a great distance 
from the oscillator 02 is small compared with 0, so the wave is 
puiely tians verse The magnetic force is diiected along ciicles 
whose centres aie on the axis of the radiator and its magnitude 
may be represented in the form 03 sin 6 where <j>z depends 
only on r and at great distances from the radiator c03 is 
approximately equal to 0i 

If the activity of the oscillator be supposed to be continually 
maintained so that there is no damping we may leplace pi by 
zero, and may proceed as in the case of the magnetic oscillator^ 
to determine the amount of energy radiated The mean out 
ward flow of energy per unit time is found to be (27r/A)% 
from which it is seen that the late of loss of energy by ladiation 
increases greatly as the wave length decreases 

The action of an electrical vibrator may be studied by the 
aid of mechanical models In one of these, devised by Larmoi t 
the aether is represented by an incompressible elastic solid in 
which are two cavities corresponding to the conductors of the 
vibiator filled with incompressible fluid of negligible inertia 
The electric foice is represented by the displacement of the 
solid Tor such rapid alternations as are here considered 
the metallic poles behave as perfect conductors, and the 
tangential components of electric force at their surfaces are 
zero This condition may be satisfied in the model by suppos 
mg the lining of each cavity to be of flexible sheet metal, so as 
to be incapable of tangential displacement , the normal displace 
ment of the linmg then corresponds to the surface density of 
electric charge on the conductor 

In order to obtam oscillations in the solid resembling those 
of an electric vibrator we may suppose that the two cavities 

* Cf p 346 

t Proo Camb Phil Soc vu (1891) p 166 
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have the form of semicircular tubes forming the two halves 
of a complete circle Each tube is enlarged at each of 
its ends so as to present a front of considerable area to the 
corresponding front at the end of the othei tube Thus at each 
end of one diameter of the circle there is a pair of opposing 
fronts which are separated fiom each other by a thin sheet 
of the elastic solid 

The disturbance may be originated by foicing an excess of 
liquid into one of the enlarged ends of one of the cavities This 
involves displacing the thin sheet of elastic solid which 
separates it from the opposing fiont of the other cavity and 
thus causing a corresponding deficiency of liquid m the enlarged 
end behind this front The liquid will then surge backwards 
and forwards in each cavity between its enlarged ends , and 
the motion being communicated to the elastic solid vibrations 
will be generated resembling those which are produced in the 
aether by a Hertzian oscillator 

In the latter part of the year 1888 the researches of Hertz* 
yielded more complete evidence of the similarity of electric 
waves to light It was shown that the part of the radiation 
from an oscillator which was traubmitted through an opening in 
a screen was propagated in a straight line with difiraction efiects 
Of the other properties of light polarization existed m the 
original radiation as was evident from the manner in which it 
was produced , and polari/atioii in other directions was obtained 
by passing the waves through a grating of parallel metallic wires , 
the component of the electric force parallel to the wires was 
absorbed so that m the tiansmitted beam the electric vibration 
was at right angles to the wires This effect obviously resembled 
the polarization of ordinary light by a plate of touimaline 
Eefraction was obtained by passing the ladiation through 
prisms of hard pitch f 

A- Ann d Ph\ s xxxvi (1889) p 769 JSleettic Wave^ (Ewghshed ) p 172 

•f 0 J I edge and J L Howard m the same year show ed that electric radiation 
nii^ht be refracted and concentrated by means of laige lenses Cf Phil Mag 
xxMi (1889) p 48 
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The old question as to whether the light vector is m oi at 
right angles to the plane of polarization* now presented itself 
m a new aspect The wave front of an electric wave contains 
two vectors the electric and magnetic which are at right angles 
to each other Which of these is in the plane of piol xi i/atioii ? 
The answer was furnished by Ihtz Gerald and Trouton f who 
found on reflecting Hertzian waves from a wall of iiiaboniy that 
no reflexion was obtained at the polaiizing angle when tlu 
vibrator was m the plane of reflexion The inference fioin this 
IS that the magnetic vector is m the plane of polarization of tht 
electric wave and the electric vector is at right angles to tht 
plane of polarization An interestmg development followed in 
1890 when 0 WienerJ: succeeded in photographing statioiuiy 
waves of hght The stationary waves weie obtained by tin 
composition of a beam mcident on a mirror with the lefleetul 
beam and were photographed on a thin film of tiansparent 
collodion placed close to the mirror and shghtly inclined to it 
If the beam used m such an experiment is plane polarized, and 
IS mcident at an angle of 45° the stationary vector is evidcntl} 
that perpendicular to the plane of incidence, but Wienci 
found that under these conditions the effect was obtained only 
when the light was polarized in the plane of incidence, so 
that the chemical activity must be associated with the vectoi 

perpendicular to the plane of polanzation— i e the elcetiic 
vector 


In 1890 and the years immediately following appeared 

sev^ relating to the fandamental equations ol 

oleetro-miignotio theory Herts after presenting? the genual 


* Cf pp 168 et sqq 
t^^ature xxxix (1889) p 391 

fK s,"k‘ r. “ 

theearharfcfn which involved the scalar and lector'^ZJs' 
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content of Maxwell s theory for bodies at rest proceeded* to 
extend the equations to the case in which material bodies are 
in motion in the field 

In a really comprehensive and correct theory as Hertz 
remarked a distinction should be drawn between the quantities 
which specify the state of the aether at every point and those 
which specify the state of the ponderable matter entangled with 
it This anticipation has been fulfilled by latei investigators , 
but Hertz considered that the time was not ripe for such a 
complete theory and preferred like Maxwell to assume that 
the state of the compound system — matter plus aether — can be 
specified m the same way when the matter moves as when it is 
at rest, or as Hertz himself expressed it that the aether 
contained within ponderable bodies moves with them^ 

Maxwell s own hypothesis with regard to moving systemsf 
amounted merely to a modification m the equation 

B = - curl E 

which represents the law that the electromotive force in a 
closed circuit is measured by the rate of decrease in the number 
of lines of magnetic induction which pass through the ciicuit 
This law IS true whethei the circuit is at rest or in motion , but 
in the latter ease the E m the equation must be taken to be the 
electromotive force in a stationary circuit whose position 
momentarily coincides with that of the moving circuit, and 
smce an electromotive force [w B] is generated in matter by 
its motion with velocity w in a magnetic field B we see that E 
is connected with the electromotive force E' in the moving 
ponderable body by the equation 

E' = E + [w B] 

so that the equation of electromagnetic induction in the moving 
body IS 

B = - curl E + cull [w B] 

* Ann d Phys xli (1890) p 369 Meetrtc Waves (English ed ) p 241 
Ihe propagation of light through a moving dielectric had been discussed 
previously on the ba is Af Maxwell s equations for mo\ mg bodies by J J Thorns m 
Phil Mag IX (1880) p ’84 Pioc Camb Phil Soc v (1S86) p 260 
tCf p 288 
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Maxwell made no change in the other electiomagncfcio 
equations which therefore retained the customary foinis 
D = fE'/dn-c div D = 0 4n-(i 4 D) = curl H 

Hertz however impressed hy the duality of eloctiic and 
magnetic phenomena modified the last of these equitions by 
assuming that a magnetic force 47r[D w] is geneiatcd m i 
dielectric which moves with velocity win an eleetiic field, such 
a foiee would be the magnetic analogue of the electiomolivt 
force of induction A term involving curl |I) w] is then 
introduced mto the last equation 

The theory of Hertz resembles m many lespccts tint oi 
Hea\iside* who likewise insisted much on the duplex natuH 
of the electromagnetic field and was m consequeiict disjioscd 
to accept the term mvolvmg curl [D w] in the equations ot 
moving media Heaviside recognized moie cleaily thin Ins 
predecessors the distinction between the foicc E' which 
determines the flux D and the force E whose cuil icpu suits 
the electric curient, and in conformity with his piinciplo ol 
duahty he made a sunilar distinction between the magnetn 
force H which determines the flux B and the foice H wliost 
rarl represents the magnetic current This chstmction w 
Heaviside showed is of importance when the system is 
ac e on y impressed forces suen as voltaic electromotive 
magnetization, these latter must bo 

B and B , but they must not be metaded m B and H sinu tliou 
Te b.™ “““ " ■" «enu :i 

E=E + e H'= +h, 

where e and h denote the impressed forces 

Developing the theory by the aid of these eoneentiona 
Hea^de ™ led to ntah. a tethen «od.fieattor An I 
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jp essecZ /orce is best defined in terms of the energy which it 
communicates to the system , thus if e be an impressed electric 
force the eneigy communicated to unit volume of the electro 
magnetic system in unit time is e x the electric current 
In ordei that this equation may be true it is necessary to 
regard the electric current in a moving medium as composea 
of the conduction current displacement-cuiient convection 
current and also of the term curl [D w] whose piesence in 
the equation we have alieady noticed This may be called 
the current of d'idectr%c convect%(m Thus the total current is 

S = D+ i + pw + curl [D w] 

where /ow denotes the conduction current , and the equation 
connecting current with magnetic force is 
curl (H' - ho) = 

wheie ho denotes the impressed magnetic forces other than that 
induced by motion of the medium 

We must now consider the advances which were effected 
during the peiiod following the publication of Maxwells 
T'ieat%se in some of the special pioblems of electricity and 
optics 

We have seen* that Maxwell accounted foi the rotation of 
the plane of polarization of light m a medium subjected to a 
magnetic field K by adding to the kinetic energy of the aether 
which IS lepiesented by a term |cr(e curl 9e/06) where 
a- IS a magneto optic constant characteristic of the substance 
through which the light is tiansmitted and 9/30 stands for 
Kjldldx + Kydjdy + -ST djdz This theory was developed fuither 
in 1879 by Fitz Gerald f who bi ought it into closer connexion 
with the electiomagnetic theory of light by identifying the curl 
of the displacement e of the aetheieal particles with the electric 
displacement , the derivate of e with lespect to the time then 
corresponds to the magnetic force Being thus m possession of 
a definitely electromagnetic theory of the magnetic lotation of 

A Of p 308 

t Phil Trans 1879 p 691 Fitz Gerald a Wntings p 45 



368 


The Followers of Maxwell 


light Iitz Gerald proceeded to extend it so as to take account 
of a closely related phenomenon In 1876 J Kerr* had shown 
experimentally that when plane polarized light is regularly 
re ected from either pole of an iron electromagnet the reflected 
ray has a component polarized in a plane at right angles to the 
ordinary reflected ray Shortly after this discovery had been 
made known Fitz Geraldf had proposed to explain it by means 
of the same term in the equations which accounts for the mag 
netic rotation of light in transparent bodies His argument was 
that If the incident plane polarized ray be resolved into two 
rays circularly polarized m opposite senses the refractive index 
will have different values for these two rays and hence the 
mtensities after reflexion will be different, so that on le 
compounding them two plane polarized rays will be obtained— 
one polaiized m the plane of incidence and the othei polaiized 
at right angles to it 

The analytical discussion of Kerrs phenomenon which was 
^ven by Fitz Gerald in his memoir of 1879 was based on these 
ide^, the most essential features of the phenomenon were 
explamed but the mvestigation was in some respects imperfect + 

A new and fruitful conception was introduced in 1879-1880 
when H A Eowlandg suggested a connexion between the 
magnetic rotation of light and the phenomenon which had been 
discovered by his pupil Hall || Halls effect may be regarded 


* Phil Mag (5) 111 (1877) p 321 

Fitz Gerald p 9 

ifrmor Hr! “ Pitz Gerald e ScJujlc 

Pit7 i. j ineonsisteaty in the equations ty which 

media betZi n S 

by fhfefr was eo often 

a mediL is assumed to h«°" ‘>16017 of bgbt of forgetting that w hen 

be introduced into the vo ^^““I’l'oooible the condition of incompressibility must 
Wor srw eT thsr equation of motion (as was done s«p, « p 172) 

equations was thus remIJid oPPoarance and the inconsistency in the 


§Amer Jour Math u p 354 in p S9 
II Cf p. 321 


Phil Mag XI (1881) p 2o4 
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as a lotatiOQ of conduction currents undei the influence of a 
magnetic field , and if it be assumed that displacement currents 
in dielectiics are rotated in the same way the Faraday effect 
may evidently be explained Considering the matter from the 
analytical point of view the Hall effect may be represented by 
the addition of a term h [K S] to the electromotive foice, 
where K denotes the impressed magnetic force and S denotes 
the current so Rowland assumed that in dielectncs there is an 
additional term in the electric foice proportional to [K D1 i e 
pioportional to the rate of increase of [K D] Now it is 
universally true that the total electnc force lound a ciicuit is 
proportional to the rate of decrease of the total magnetic 
mduction thiough the circuit so the total magnetic induction 
through the ciremt must contain a term proportional to the 
integral of [K D] taken round the circuit and therefore the 
magnetic mduction at any point must contain a term proportional 
to curl [K D] We may therefore write 
B = H + <T curl [Z D] 

where <t denotes a constant But if this be combined with the 
customaiy electromagnetic equations 

curl H = 4TrD cull E = — B D = eE/dvrc 

and all the vectors except B be ehminated (Z being treated 
as a constant) we obtain the equation 

B = (c /e) V*B + (<r/4n-) curl (0»B/3!f3d) 

where 3/30 stands for (Z';t3/9a' + + F didz) , and this is 

identical with the equation which Maxwell had given* for the 
motion of the aether in magnetized media It follows that the 
assumptions of Maxwell and of Rowland, different though they 
are physically lead to the same analytical equations— at any 
rate so far as concerns propagation through a homogeneous 
medium 

Ihe connexions of Halls phenomenon with the magnetic 
rotation of hght and with the reflexion of light from magnetized 

• Cf p 308 
2 B 
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metals, were extensively studied* m the years following the 
pubhcation of Eowlands memoir but it was not until the 
modem theory of electrons had been developed that a satisfactory 
representation of the molecular processes involved in magneto 
optic phenomena was attained 

The aUied phenomenon of rotary polarization in naturally 
active bodies was investigated in 1892 by Goldhammerf It 

* The theory of Basset (Phil Trans clxxxn (1891) p 371) was like Eowland s 
based on tlie idea of extending Hall s phenomenon to dielectric media An ob]ec 
tion to this theory was that the tangential component of the electromotive force 
vas not continuous across the interface between a magnetized and an unmagnetized 

medium but Basset subsequently overcame this difficulty (Nature In (1 89 o) p 618 

liii (1895) p 130 Amer Jour Math xix (1897) p 60)— the effect analogous to 
Hall s being introduced mto the equation connecting electiic displacement with 
clectnc foice so that the equation took the form 

E = (W/e) D + (T [K D] 

Basset m 1893 (Proc Camb Phil Soc vm p 68) deiived analytical 
expressions which represent Kerr s magneto optic phenomenon by substituting a 
complex quantity for the refractive index in the formulae applicable to transparent 
magnetized substances 

The magnetic rotation of light and Ken s phenomenon have been investigated 
also by B T Glazebrook Phil Mag xi (1881), p 397 by J J Thomson 
Recent Researches p 482 by D A Goldhammer Ann d Phys xlvi (1892) 
p 71 xlvu (1892) p 345 xlvrn (1893) p 740 1 (1893) p 772 by P Diude 
Ann d Phys xlvi (1892) p 353 xlvm (1893) p 122 xlix (1893) p 690 
111 (1894)) p 496 by C H Wind Verslagen Kon Akad Amsteidtim 29th Sept 
1894 by EeiflF Aim d Phys Ivu (1896) p 281 by J G Leathern Phil 
Trans cxc (1897) p 89 Trans Camb Phil Soc xvii (1898) p lb and by 
W Voigt in many memoirs and in his treatise Magneto und Mel bo opt%1 
Larmor s report piesented to the Biitish Association in 1893 has been already 
mentioned 

In most of the later theones the equations of propagation of light in magnetized 
metals aie derived from the ti^o fundamental electromagnetic equations 

cull H = 47rS — cuil E H 

the total current S being assumed to consist of a part (the displacement current) 
proportional to E a part (the conduction current) proportional to E and a part 
proportional to the vector product of E and the magnetization 

\ anous mechanical models of media in which magneto optic phenomena take 
place have been devised at different times W ihomson (Proc Lond Math Soc 
VI (1876)) investigated the propagation of waves of displacement along a stretched 
cham who e links contain rotating fly wheels cf also Lai moi Proc T ond Math 
Soc xxi (1890) p 423 xxm(1891) p 127 P Hasenohrl Wien Sitzungsbenchte 
cvu 2a (1898) p 1015 W ihomson (Kelvin) Phil Mag xlviii (1899) p 236 
Baltvinore Lectures and FitzGerald Electrician Aug 4 1899 litz Geralds 
Scientific Writings p 481 t Jomml de Physique (3) i pp 205 345 
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will be remembered* that in the elastic solid theory of 
Boussinesq the rotation ot the plane of polarization of 
saccharine solutions had been represented by substituting the 
equation 

e - Ae + B curl e 
in place of the usual equation 

e = Ae 

Goldhammer now proposed to represent rotatory power in the 
electromagnetic theory by substitutmg the equation 
E * (47rcVe) D + 7c curl D 
in place of the customary equation 

E = (47r0 /e) D 

the constant 1c being a measure of the natural rotatory power 
of the substance concerned The remaining equations are as 

usual „ 

curl H = 47rD, - curl E = ■“■ 

Eliminating H and E we have 

D = (c /£) V^D + (/f/47r) curl D 
For a plane wave which is propagated parallel to the axis of x 
this equation reduces to 

(d^Dj _ c_ ^ f d^Dz 

£ dx 4:7r doc^ 

df)y 

^ dt^ € dx 47r ^ 

and as MacCullagh had shown in 1836 t these equations are 
competent to represent the rotation of the plane of polarization 
In the closing years of the nineteenth century the general 
theoiy of aether and electricity assumed a new foim But 
before discussing the memoirs in which the new conception^was 
unfolded we shall considei the progress which had been made 
since the middle of the century in the study of conduction in 
liquid and gaseous media 

p 186 tcf p 17o 

2 B2 
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CHAPTEE XI 

CONDUCTION IN SOLUTIONS AND GASES FTOM FARADAY TO 
J J THOMSON 

The hypothesis which Grothuss and Davy had advanced* to 
explain the decomposition of electrolytes was open to seiioiis 
objection m moie than one respect Since the electric foicc 
was supposed first to dissociate the molecules of the electrolyte 
into ions and afterwards to set them in motion toward the 
electrodes it would seem reasonable to expect that doubling 
the electric foice would double both the dissociation of the 
molecules and the velocity of the ions and would therefore 
quadruple the electrolysis — an inference which is not verified 
by observation Moreover it might be expected on Grothuss 
theory that some defimte magnitude of electiomotive forct 
would be requisite foi the dissociation and that no electrolysis 
at aU would take place when the electromotive force was below 
this value which again is contrary to experience 

Away of escape from these difficulties was first indicated in 
1850 by Alex Williamson f who suggested that in compound 
liquids decompositions and recombinations of the molecules aie 
continually taking place throughout the whole mass of the liquid 
quite independently of the apphcation of an external electiic 
force An atom of one element in the compound is thus paiicd 
now with one and now with another atom of another element 
and m the intervals between these alliances the atom may be 
regarded as entirely free In 1857 this idea was made by 

Cl p 78 

t Ihil Mag xxxvu (1860) p 360 Liebig s Annalen d Chem ii Pliaim 
Ixxvu (1861) p 37 
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E Clausius* of Zurich the basis of a theoiy of electrolysis 
According to it the electromotive force emanating from the 
electrodes does not effect the dissociation of the electrolyte 
into ions since a degree of dissociation sufficient for the purpose 
already exists in consequence of the perpetual mutability of the 
molecules of the electrolyte Clausius assumed that these ions 
are in opposite electric conditions, the apphed electric force 
therefore causes a general drift of all the ions of one kind 
towards the anode and of all the ions of the other kind towards 
the cathode These opposite motions of the two kinds of ions 
constitute the galvanic curient m the liquid 

The meiits of the Williamson Clausius h 3 rpothesis were not 
fully recognized for many years , but it became the foundation 
of that theory of electrolysis which was generally accepted at 
the end of the century 

Meanwhile another aspect of electrolysis was receiving 
attention It had long been known that the passage of a 
curient through an electrolytic solution is attended not only 
by the appeal an ce of the pioducts of decomposition at the 
electrodes but also by changes of relative strength in different 
paits of the solution itself Thus in the electrolysis of a solution 
of copper sulphate with copper electrodes in which coppei is 
dissolved off the anode and deposited on the cathode it is found 
that the concentration of the solution diminishes near the 
cathode and increases near the anode Some experiments on 
the subject weie made by Faradayt m 183o , and m 1844 it 
was further mvestigated by Frederic Daniell and W A Miller^ 
who explained it by assertmg that the cation and anion have 
not (as had pieviously been supposed) the same facility of 
moving to their respective electrodes , but that in many cases 
the cation appeals to move but little* while the transport is 
effected chiefly by the anion 

* Ann d Phys ci (1857) p 338 Phil Mag xv (IS 58) p 94 
t Lxper Res §§ 525-53C 

J Phil Trans 1844 p 1 Of also Pouillet Comptes Rendiis \x (1845) 
p 1544 
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This idea was adopted by W Hittorf of Munster who in the 
jears 1853 to 1859, published* a senes of memoirs on the 
migiation of the ions Let the velocity of the anions m the 
solution be to the velocity of the cations in the ratio v u 
Then it is easily seen that ^{u+v) molecules of the electrolyte 
are decomposed by the current and yielded up as ions at the 
electrodes v of these molecules will have been taken from the 
fluid on the side of the cathode and % of them fiom the fluid 
on the side of the anode By measuring the concentration of 
the liquid round the electrodes after the passage of a current 
Hittorf determined the ratio v/u in a large number of cases of 
electrolysis t 

The theory of lomc movements was advanced a further 
stage by r W Kohlrauseh+ {i 1840 d 1910) of Wur/burg 
Ko^ausch showed that although the ohmic specific conduc 
tivity I of a solution diminishes indefinitely as the strength 
of the solution is reduced yet the latio l/m where m denotes 

e number of gramme equivalents^} of salt per unit volume tends 

0 a e mte limit when the solution is indefinitely dilute This 
hmitmg value may be denoted by A He further showed that 
A may be expressed as the sum of two parts one of which 
depends on the cation but is mdependent of the nature of the 
anion, while the other depends on the anion but not on the 
cation a fact which may be explained by supposing that, in 
very ute solutions the two ions move independently under 
the influence of the electric foice Let u and v denote the 

not6rt-!!?,qfp lespeetively when the 

potential difieienee per cm in the solution is unity then the 

total current carried through a cube of unit volume is 

where ^ denotes the electric charge carried by one giamme 

^ ^ * cm (18,8) p 1 

X ‘I*® “"‘On 

to the Academy of Gottwgin 1876 ^ 
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equivalent of ion * Thus ttiE (u-\‘V) = total current « / = mX 
or \ = E(u + v) The determination of 'vju by the method of 
Hittorf and of [u + v) by the method of Kohlrausch made it 
possible to calculate the absolute velocities of drift of the ions 
from experimental data 

Meanwhile important advances in voltaic theory were 
being effected in connexion with a different class of investi 
gations 

Suppose that two mercui j electrodes are placed in a solution 
of acidulated water and that a difference of potential, insufficient 
to produce continuous decomposition of the water is set up 
between the electrodes by an external agency Initially a 
slight electric current — the polarizing current f as it is called — 
IS observed, but after a short time it ceases, and after its cessation 
the state of the system is one of electrical equilibrium It is 
evident that the polarizing cuiient must in some way have set 
up in the cell an electromotive force equal and opposite to the 
external difference of potential , and it is also evident that the 
seat of this electromotive force must be at the electrodes which 
are now said to be polarized 

An abrupt fall of electric potential at an interface between 
two media such as the mercury and the solution in the present 
case requires that there should be a field of electric force of 
considerable intensity within a thin stratum at the mteilacej 
and this must owe its existence to the presence of electiic 
charges Since theie is no electric held outside the thin stratum 
there must be as much vitreous as resinous electiicity present , 
but the vitreous charges must preponderate on one side of the 
stratum and the resinous charges on the othei side , so that 
the system as a whole resembles the two coatings of a con 
denser with the intervening dielectric In the case of the 

* a e J IS 96580 coulombs 

t The phenomenon of voltaic polarization was discovered by Hitter in 1803 
Ritter explained it by companng the action of the polarizing current to that of a 
cuiient which is used to chiuge a condenser Volta in 180o put forward the 
alternative explanation that the products of decomposition set up a reverse 
electromotive force 
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polarized mercuiy cathode in acidulated watei there must be 
on the electrode itself a negative chaige the surface of this 
electrode m the polarized state may be supposed to be either 
mercury or mercury covered with a layer of hydrogen In 
the solution adjacent to the electrode there must be an excess 
of cations and a deficiency of anions so as to constitute the 
other layer of the condenser these cations may be either 
mercury cations dissolved from the electrode or the hydrogen 
cations of the solution 

It was shown m 1870 by Cromwell Fleetwood Varley* that 
a mercury cathode thus polarized m acidulated water shows a 
tendency to adopt a defimte superficial foini, as if the surface 
tension at the interface between the mercury and the solution 
were in some way dependent on the electric conditions The 
matter was more fully mvestigated in 1873 by a young 
French physicist then preparmg for his inauguial thesis 
Gabriel Lippmannf In Lippmann s mstnimental disposition 
which IS called a cajnllnry electoometei mercury electiodes are 
immersed in acidulated water the anode has a large 
surface while the cathode S has a variable surface S small in 
comparison When the external electromotive foice is applied 
it IS easily seen that the fall of potential at the large electrode 
is only slightly affected, while the fall of potential at the small 
electrode is altered by polanzation by an amount practically 
equal to the external electromotive force Lippmann found 
that the constant of capillarity of the interface at the small 
electrode was a function of the external electromotive force and 
therefore of the difference of potential between the mercuiy 
and the electrolyte 

Let V denote the external electromotive force we may, 
without loss of generality assume the potential of to be zero' 
so that the potential of ^ is — V The state of the system may 
be varied by altering either V ox S, we assume that these 

* Phil Trans clxi (1871) p 129 

t Comptes Rendus Ix^vi ( 873) p 1407 Pliil Mag xlvii (1874) 

Ann deChim etdePhya v (1S76) p 494 xu (1877) p 266 


p 281 



sr7 


frojn Faraday to J J Thomson 

alterations may be performed independently reversibly and 
isothermally and that the state of the large electrode -ffo is not 
altered thereby Let de denote the quantity of electiicity which 
passes through the cell from fio to S when the state of the 
system is thus varied then if E denote the a\ailable energy of 
the system and 7 the surface tension at H we have 

dE = yds -H Vde 

y being measured by the work required to increase the surface 
when no electricity flows through the circuit 

In order that equilibrium may he re established between the 
electrode and the solution when the fall of potential at the 
cathode is altered it will be necessary not only that some 
hydrogen cations should come out of the solution and be 
deposited on the electrode yielding up their charges but also 
that there should be changes m the clustering of the charged 
10ns of hydrogen mercury and sulphion in the layer of the 
solution immediately adjacent to the electrode Each of these 
circumstances necessitates a flow of electricity in the outer 
circuit in the one case to neutralize the chaiges of the cations 
deposited and m the othei case to increase the surface density 
of electric charge on the electrode which forms the opposite 
sheet of the quasi condenser Let Sf {V) denote the total 
quantity of electricity which has thus flowed in the circuit 
when the external electromotive force has attained the value V 
Then evidently 

de^d {Sf(V)], 
so 

dE^ { 7 + rf{V)]ds^ vsf {V)dr 

Since this expression must be an exact differential we have 

so that - djIdV is equal to that flux of electricity per unit of 
new surface formed which will maintain the surface in a 
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constant condition {V being constant) when it is extended 
Integrating the previous equation we have 


^ = j~- 

V dVS 

Lippmann found that when the external electromotive foice 
was apphed the surface tension increased at first until when 
the external electromotive force amounted to about one volt 
e surface tension attained a maximum value after which it 
dii^ished He found that dyUV was sensibly independent 
of r so that the curve which represents the relation between 
7 and K is a parabola * 

a, independent of assumptions 

as to what actually takes place at the electrode on this latter 
question many conflicting views have been put forward In 
18/8 Josiah Willard Gibbs f of Yale (d 1839 d 1903) discussed 
the problem on the supposition that the polarizing current is 
simply an ordinary electrolytic conduction current which 

S! K fi, ® electneity which passes 

^ough the cell m any displacement must be proportioLl to 
l^e quantity of hydrogen which is yielded up to the electrode 
in the displacement so that dy/dF must be proportional to 
dectr^r^’' hydrogen deposited per unit area of the 

physical conditions at the polarized 
e ectrode was taken by Helmholtz § who assumed that the ions 
of hydropn which are brought to the cathode by the polarizing 
current do not give up their charges there but remain m th! 
vicmity of the electrode and form one face of a quasi condenser 

*Lippman Comptes Rendus xcv(lS82) p 686 
a p+T-ana Conn Acad au (1876-1878) pp 108 343 Gabts 8cmmfio:Paf.n 

(1812? p 31 T r ^ P 920 Aaan d PLys 

U8S-!) p 31 Cf also Planck Ann d Phvs xl.v (1891) p 385 
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of which the other face is the electrode itself* If denote 
the surface density of electricity on either face of this quasi 
condenser we have therefore 

de = --d[S<j)^ so a^dyldV 

This equation shows that when dyIdV is zero — le, when 
the surface tension is a maximum — o- must be zero , that is to 
say there must be no difference of potential between the 
mercury and the electrolyte The external electromotive force 
is then balanced entirely by the discontinuity of potential at 
the other electrode , and thus a method is suggested of 
measurmg the latter discontinuity of potential All previous 
measurements of differences of potential had involved the 
employment of more than one mteiface , and it was not known 
how the measured difference of potential should be distributed 
among these mterfaces , so that the suggestion of a means of 
measuring single differences of potential was a distinct advance 
even though the hypotheses on which the method was based 
weie somewhat insecure 

A furthei consequence deduced by Helmholtz from this 
theory leads to a second method of determining the diflference 
of potential between mercury and an electrolyte If a mercury 
surface is rapidly extending, and electricity is not rapidly 
transferred through the electrolyte the electric surface density 
in the double layer must rapidly decrease since the same 
quantity of electricity is bemg distributed over an increasing 
area Thus it may be inferred that a rapidly extending 
mercury surface m an electrolyte is at the same potential as 
the electrolyte 

This conception is reahzed in the dropping electrode in 

* The conception of double layers of electricity at the surface of separation of 
two bodies had been already applied by Helmholtz to explain vaiious othei 
phenomena — e g the Volta contact diffeience of potential of two metals f notional 
electricity and electnc endosmose or the transpoit of fluid which occuis when 
an electnc cunent is passed through two conducting liquids separated by a poious 
banier Of Helmholtz Berlin Monatsberichte lebruaiy 27 1879 Ann d Phys 
Til (1879) p 337 Helmholtz, Wtss Abh i p 855 
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which a jet of mercury fallmg from a reservoir into an electio 
lytic solution is so adjusted that it breaks into drops when 
the jet touches the solution According to Helmholtz s 
conclusion there is no difference of potential between the 
drops and the electrolyte, and therefore the difference of 
potential between the electrolyte and a layei of mercury 
underlying it m the same vessel is equal to the difference of 
potential between this layer of mercury and the mercury 

m the upper reservoir which chfference is a measurable 
quantity 

It will be seen that accordmg to the theories both of Gibbs 
and of Helmholtz and mdeed according to all other theories on 
the subject* &^/dV is zero for an electrode whose surface is 


f ^ xh(1890) p 1 In this It IS assumed 

ttat the eleetrolytio station near the eleotiodes onginally contains a salt of 
mercury in eoluuon When the external electiomotive force is applied aconduc 

M caXr hrT which in the body of the electrolyte 

fi, rtf f hydiogen 10 ns Waihurg supposed that at toe 

cathode the hydngen ions react with the salt of mercury reduLg it to metallic 
meicuiy which is deposited on the electrode Thus a oonsiderLe (hange in 

‘h® of the eleotiode and thus 

ht sTi ^ of “ercunc salt hut on account of the sise of 

the anode this increase is tnTial and may be neglected 

lealltThnl' supposed that toe electromotive force of the polarized cell is 
leally that of a conoentrati n cell depending on toe diffeient concentrations of 

Zi! r '0 ‘o tl»e “"’ount of 

chemical equivalent of mercury Ihe equation previously obtJned is thus 
piesented m a new ph 3 8ical interpretation 

comeoted the incieasc of toe suiface tension with the fact that toe 

ciLTTto rr >‘l''oys increases when the con 

centration of toe solution is diminished His theoiy of course leads to no 

““v “» 

At an electrode vvhose su.faceis rapidly incrensing-e g a diopping electrode- 

arWg supposed that toe surface density of merounc salt tends^to zero so 
ay /ay 18 zeio 

® electrodes favoured hy Nemst Be^la^e tsu den 
eninlih ‘*>0 ^‘tference of potential ooriesponding to toe 

eihshT h^f Tv *^® eleotiolyte is instantfneously 

douhli ^ ^ wus are withdrawn from the solution in order to fom the 

double layer necessary for this and that these ions are earned down with toe drops 
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rapidly increasing — eg a dropping electiode, that is to say 
the difference of potential between an ordinary mercury 
electrode and the electrolyte when the surface tension has its 
maximum value is equal to the diSerence of potential between 
a droppmg electrode and the same electiolyte This result has 
been experimentally verified by various investigators who ha've 
shown that the applied electromotive force when the surface- 
tension has its maximum value in the capillary electrometer is 
equal to the electromotive force of a cell having as electrodes a 
large mercury electrode and a dropping electrode 

Another memoir which belongs to the same period of 
Helmholtz career and which has led to important develop- 
ments was concerned with a special class of voltaic cells The 
most usual type of cell is that m which the positive electrode 
IS composed of a different metal from the negative electrode 
and the evolution of energy depends on the difference in the 
chemical af&nities of these metals for the hquids in the cell 
But 111 the class of cells now considered* by Helmholtz the 
two electiodes are composed of the same metal (say copper) , 
and the hquid (say solution of copper sulphate) is more con 
centrated in the neighbourhood of one electrode than in the 
neighbourhood of the other When the cell is in operation the 
salt passes from the places of high concentration to the places 
of low concentration so as to equalize its distribution , and this 
process is accompanied by the flow of a current in the outer 
ciicuit between the electrodes Such cells had been studied 
experimentally by James Moser a short time previously t to 
Helmholtz investigation 

The activity of the cell is due to the fact that the available 
energy of a solution depends on its concentration , the molecules 

of nieicui> until the upper laj er of the solution is so much mpovenshed that the 
double layer can no longer be formed ihe impoverishment of the upper laj er ot 
the solution has actualU been observed by Palmaer Zeitsch Phys Chem xxv 
(1898) p 266 xxviu(1899) p 267 xxxvi (1901) p 664 

* Berlin Monatsber 1877 p 713 Phil Ma^ (6) v (187S) p 348 lepiiuted 
w ith additions in Ann d Phys iii (1878) p 201 
t Ann d Ph^s iii (187Sj p 216 



383 


Conduction in Solutions and Gases, 

of salt, m passing from a high to a low concentration are 
therefore capable of supplymg energy ]nst as a compressed gas 
IS capable of supplymg energy when its degree of compression 
IS reduced To examme the matter quantitatively let m/(w/ V) 
denote the term m the available energy of a solution which is 
due to the dissolution of «, gramme molecules of salt in a volume 
F of pure solvent, the function / will of course depend also on 
the temperature Then when dn gramme molecules of solvent 
are evaporated from the solution the decrease in the available 
energy of the system is evidently equal to the available energy of 
d% gramme molecules of liquid solvent less the available energy 
of dn gramme molecules of the vapour of the solvent together 

with VWF) \e^Bnf{nliV-vdn)} where « denotes the volume 

of one gramme molecule of the liquid But this decrease in 
available energy must be equal to the mechanical work supplied 
to the external world which is dn p, (v - v) if p, denote the 
vapour pressure of the solution at the temperature in question 
and V denote the volume of one gramme molecule of vapour 
We have therefore ^ 

dn p,(v -v) = - available energy of dn. gramme molecules of 
solvent vapour 

+ available energy of dn gramme molecules of 
liquid solvent 

+ nfinlV) - nf{nl{r- 'odn)\ 

Subtracting from this the equation obtained by makmg n zero 
we have ^ 

{2>i - Po) {V -v) = n/iril V) ~ nf{ n/{ V-vdn)] 

where denotes the vapour pressure of the pure solvent at the 
temperature m question, so that 

(i’l -Pi<) (v -v)=- (n I V’‘)f(n/r)v 

Now It IS known that when a salt is dissolved in water the 
vapour pressure is lowered m proportion to the concentration 
of the salt— at any rate when the concentration is small m 
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tact by the law of Eaoult, (po “ approximately equal to 

uml V , so that the previous equation becomes 

- -y) = ■n/W n 

hTegleotmg v m comparison with v and making use of the 
equation of state of perfect gases (namely 

Po®'=-B2’ 

where T denotes the absolute temperature and H denotes the 
constant of the equation of state) we have 
f {nlV) = RTVjn 

and therefore 

f{nlV)’-RT\og{nir) 

Ihus in the available energy of one gramme molecule of a 
dissolved salt the term which depends on the concentration is 
proportional to the logarithm of the concentration , and hence 
if in a concentiation cell one gramme molecule of the salt 
passes from a hi gh concentration c at one electrode to a low 
concentration Ci at the other electrode its available energy is 
thereby dimmished by an amount proportional to log (cj/ci) 
Ihe energy which thus disappears is given up by the system in 
the form of electrical work, and therefore the electromotive 
force of the concentiation cell must be proportional to log (cj/cj) 
The theory of solutions and their vapour-pressure was 
not at the time sufficiently developed to enable Helmholta 
to determine precisely the coefficient of log (cj/c,) in the 
expiession * 

An important advance in the theory of solutions was effected 
in 1887, by a young Swedish physicist Svante Arrhemust 

* Ihe foimula j,iven by Helmholtz was that the electromotive force of the cell 
18 equal to i (1 - n) i; log (tfs/ci) where e and ex denote the concentrations of the solu 
tion at the electrodes v denotes the volume of one gramme of vapour in equilibnum 
with the water at the temperature in question n denotes the ti an sport number foi 
the cation (Hittoif s 1/w) and h denotes q x the lovi ering of vapour pressure when 
one gramme equivalent of salt is dissolved in q grammes of water where q denotes 
a large number 

t Zeitschnft fur phys Chem i (1887) p 681 Previous iiivestigationa in 
which the theory was to some extent foreshadowed weie published in Bihang 
till S\etiska Vet Ak Foih vui (1884) Nos 13 and 14 
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Interpreting the properties diseoveied by Kohlrausch* in the 
light of the ideas of "Williamson and Clausius regarding the 
spontaneous dissociation of electiolytes Arrhenius infeiied that 
in very dilute solutions the electrolyte is completely dissociated 
into ions hut that in more concentrated solutions the salt is 
less completely dissociated, and that as in all solutions the 
transport of electricity in the solution is effected solely by the 
movement of ions the equivalent conduetivityf must he pro 
portional to the fraction which expresses the degree of ionization 
By aid of these conceptions it became possible to estimate the 
dissociation quantitatively and to constiuct a geneial theory 
of electrolytes 

Contemporary physicists and chemists found it difficult 
at first to believe that a salt exists in dilute solution only 
111 the foim of ions eg that the sodium and chlorine exist 
separately and independently in a solution of common salt 
But thoie IS a ceitain amount of chemical evidence in tavoui 
of Airhenius conception lor instance, the tests in chemical 
analysis are leally tests for the ions , non m the form of a fei 
rocyanide, and chlorme in the form of a chlorate, do not respond 
to the characteristic tests foi iron and chloiine respectively, 
which are really the tests for the iron and chloimc ions 

The general acceptance of Arrhenius views was hastened 
by the advocacy of Ostwald who brought to light further 
evidence in their favoui ior instance all permanganates 
111 dilute solution show the same purple coloui , and 
Ostwald considered their absorption-spectra to be identical 
this identity is easily accounted tor on Arrhenius theory by 
supposing that the spectrum in question is that of the anion 
which corresponds to the acid radicle The blue colour 
which IS observed in dilute solutions of copper salts even 
when the strong solution is not blue may in the same way bo 

* Of p 374 

tie tht ohmic specific conductivity of the solution divided by the number of 
gramme equivalents of salt per unit volume 

4 . Examination of the spectra with highei dispersion does not altogether 
confiim this conclusion 
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ascribed to a blue copper cation A striking instance of the 
same kind is afforded by ferric sulphocyanide , here the strong 
solution shows a deep red colour, due to the salt itself , but on 
dilution the colour disappears, the ions being colourless 

If it be granted that ions can have any kind of permanent 
existence in a salt solution, it may be shown from thermo 
dynamical consideiations that the degree of dissociation must 
increase as the dilution increases and that at infinite dilution 
there must be complete dissociation For the available energy 
of a dilute solution of volume V containing ^?i gramme molecules 
of one substance gramme molecules of another and so on is 
(as may be shown by an obvious extension of the reasomng 
already employed in connexion with concentration cells)* 

{T) + log (^,/F) + the available energy 

r r 

possessed by the solvent before the introduction of the solutes 
where <i>r (T) depends on T and on the nature of the solute 
but not on V and B denotes the constant which occurs in the 
equation of state of perfect gases When the system is m 
equihbnum the proportions of the reacting substances will 
be so adjusted that the available energy has a stationary 
value for small virtual alterations hh of the 

proportions, and therefore 

0 = (2 j + RT^lnr log {nrl V) B 1 

r r 

Applymg this to the case of an electrolyte in which the 
disappearance of one molecule of salt (mdicated by the suffix i) 
gives rise to one cation (mdicated by the suffix 2 ) and one anion 
(indicated by the suffix 3) we have Sni = - so the 

equation becomes 

0 = 01 (T) - 02 (y) - 03 (^) + -By log [niV/ohns) - RT 
or 

ni ViMh = a function of T only 

♦Of pp 382-383 
2 C 
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Since in a neutral solution the number of anions is equal to the 
number of cations this equation may be written 

= Vni X a function of T only , 

it shows that when V is very large (so that the solution is very 
dilute) 712 IS very large compared with , that is to say the 
salt tends towards a state of complete dissociation 

The ideas of Airhenius contributed to the success of Walther 
Nernst* in perfectmg Helmholtz theory of concentration cells 
and represen tmg their mechamsm in a much moxe definite 
fashion than had been done heretofore 

In an electrolytic solution let the drift velocity of the 
cations under unit electric force be w and that of the anions 
be V so that the fraction ul[u + v\ of the current is tiansported 
by the cations and the fraction 'ol{u + v) by the anions If the 
concentration of the solution be Ci at one electiode and c at the 
other it follows from the formula previously found for the 
available energy thar one gramme ion of cations in moving 
from one electrode to the other is capable of yielding up an 
amountf BT log (ca/ci) of eneigy, while one gramme ion 
of anions going m the opposite direction must absorb the same 
amount of energy The total quantity of work furnished when 
one gramme molecule of salt is transferred from concentiation 
(52 to concentration Ci is therefore 


u ^ V 
u ^ V 


B1 log - 


The quantity of electric charge which passes m the circuit 
when one gramme-molecule of the salt is transferred is pro 
portionai to the valency v of the ions and the work furmshed 
IS proportional to the product of this charge and the electro- 


♦Zeitschi fur phys Chem u (1888) p 613 iv (1889) p 129 Beihn 
Sitzungsbenohte 1889 p 83 Ann d Phys xlv (1892) p 360 Of also 
Max Planck Ann d Phys xxxix (1890) p 161 xl (1890), p 561 

t liio collect law of dependence of the available eneigy on the tempeiatiue was 
by this tune known 



fro7n Faraday to y J Thojnsoti 387 


motive force JE of the cell, so that in suitable units we have 




RTu-v Ci 

loff - 

V U + V Cl 


A typical concentration cell to which this formula may be 
applied may be constituted in the following way — Let a 
quantity of zinc amalgam in which the concentration of zinc 
IS Cl be in contact with a dilute solution of zinc sulphate and 
let this in turn be in contact with a quantity of zinc amalgam 
of concentration C2 When the two masses of amalgam are con 
nected by a conductmg wire outside the cell an electric current 
flows in the wire from the weak to the strong amalgam * while 
zinc cations pass through the solution from the strong amalgam 
to the weak The electromotive force of such a cell m which 
the current may be supposed to be carried solely by cations is 



Not content with the derivation of the electromotive force 
from considerations of energy Nernst proceeded to supply a 
definite mechanical conception of the process of conduction in 
electrolytes The 10ns are impelled by the electric force asso- 
ciated with the gradient of potential in the electrolyte But 
this IS not the only force which acts on them , for since their 
available energy decreases as the concentration decreases, there 
must be a force assisting every process by which the concentra- 
tion is decreased The matter may be illustrated by the analogy 
of a gas compressed in a cylinder fitted with a piston , the 
available energy of the gas decreases as its degree of compression 
decreases, and therefore that movement of the piston which 
tends to decrease the compression is assisted by a force— the 
pressure of the gas on the piston Similarly if a solution 
were contained within a cyhnder fitted with a piston which is 
permeable to the pure solvent but not to the solute and if the 
whole were immersed in pure solvent the available energy of 


* It will hardly be necessary to remaik that this supposed diiection of the 
curient is purely conventional 


2 C 2 
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the system -would be decreased if the piston were to move 
outwards so as to admit more solvent into the solution, and 
therefore this movement of the piston would be assisted bj a 
force— the osmotic pressure of the solution as it is called * 
Consider then the case of a single electrolyte supposed to 
be perfectly dissociated, its state will be supposed to be the 
same at all pomts of any plane at light angles to the axis of x 
Let V denote the valency of the ions and V the electric potential 
at any point Sincef the available energy of a given quantity of 
a substance in very dilute solution depends on the concentration 
m exactly the same way as the available energy of a given 
quantity of a perfect gas depends on its density it follows that 
the osmotic pressure p for each ion is determined in teims of 
the concentration and temperature by the equation of state 
of perfect gases 

Mp = BTc 

where M denotes the molecular weight of the salt and c the 
mass of salt per unit volume 

Consider the cations contained in a parallelepiped at the 
place a, whose cross section is of unit area and whose length 
IS dx The mechanical foice actmg on them due to the electric 
field IS - (vcIM) d VIdx dx and the mechanical force on them 
due to the osmotic pressure is - dp/dx dx If n denote the 
velocity of drift of the cations m a field of unit electiic force 
the total amount of charge which would be transferred by 
cations aero'is unit area in unit time under the influence of the 
electric forces alone would be - (uvcIM) dVIdx , so under the 
mfluence of both forces it is 

_ ^ ^ ' 

M \cb> cv dx) 

Similarly if v denote the velocity of drift of the anions in a 

i SvenskaVet Ak Handlmgai xsl ( 1886) No 17 Zeitsohnft 

ful Phys Chem i (1887) p 481 

i* As follows from the ©xpiession obtdJiiod supra p 383 
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unit electric field the charge transferred across unit area in 
unit time by the anions is 

wc ( dV MT 

M\ dx cv dx) 

We have therefore if the total current be denoted by i 
, ,vcdr , RT dc 

or 

dV , Mdx u-v RT dc _ 

dx = , r % + 75“ dx 

dx (u-\-v)vc u ’\-'o vc ax 

The first teim on the right evidently represents the product of 
the current into the ohmic resistance of the parallelepiped dx 
while the second term represents the internal electromotive 
force of the parallelepiped It follows that if r denote the 
specific resistance we must have 

u + V - MjTvc 

in agreement with Kohlrausch s equation while by integrating 
the expression for the internal electromotive force of the 
parallelepiped dx we obtain for the electromotive force of a 
cell whose activity depends on the transference of electrolyte 
between the concentrations Ci and c the value 


or 


u - V RT 

U-V V V 


dc 

- -7- to 

c dx 


u - V RT , c 
log- 

V V Cl 


m agreement with the result already obtained 

It may be remarked that although the current arising from 
a concentration cell which is kept at a constant temperature is 
capable of performing work, yet this work is provided not by 
any diminution in the total internal energy of the ceU, but by 
the abstraction of thermal energy from neighbounng bodies 
This indeed (as may be seen by reference to W Thomson s general 


* Of p 374 
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equation of available energy)* must be the case with any 
system whose available energy is exactly proportional to the 
absolute temperature 

The advances which were effected in the last quarter of the 
nmeteenth century in regard to the conduction of electricity 
through hquids, considerable though these advances were may 
be regarded as the natural development of a theory which had 
long been before the world It was otheiwise with the kindred 
problem of the conduction of electricity through gases for 
although many generations of philosophers had studied the 
remarkable effects which are presented by the passage of a 
current through a rarefied gas it was not until recent tunes 
that a satisfactory theory of the phenomena was discovered 

Some of the electricians of the earlier part of the eighteenth 
century performed experiments in vacuous spaces, in particular 
Hauksbeef in 1705 observed a luminosity when glass is rubbed 
in rarefied an But the first investigator of the continuous 
discharge through a rarefied gas seems to have been Watson I 
who, by means of an electrical machine sent a current through 
an exhausted glass tube three feet long and three inches in 
diameter It was he wrote ‘ a most delightful spectacle 
when the room was darkened to see the electricity in its 
passage to be able to observe not as in the open air its 
brushes or pencils of rays an inch or two in length, but here 
the coruscations were of the whole length of the tube between 
the plates that is to say thirty two inches Its appearance 
he described as being on different occasions of a bright silvei 
hue resembling very much the most lively coruscations of 
the aurora loreal%s, and ‘ forming a continued arch of lambent 
flame His theoretical explanation was that the electricity is 
seen, without any preternatural force pushing itself on through 
the vacuum by its own elasticity in order to maintain the 

♦ Cf p 241 

t Phil Trans xziv (1705) p 2165 Fru Hauksbee Tliy^xco Mechanical 
Expeiiments London, 1709 

} Phil Trans xlv (1748) p 93 xlvii (17o2) p 362 
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equilibiiuin. in the machine — a conception ■which follows 
naturally from the combination of Watsons one flmd theory 
with the prevalent doctrine of eleetiical atmospheres* 

A different explanation was put forward by NoUet who 
performed electrical experiments m rarefied air at about the 
same time as Watson f and saw in them a striking confirmation 
of his own hypothesis of efftux and afflux of electric matter J 
According to NoUet the particles of the effluent stream collide 
with those of the affluent stream which is movmg m the 
opposite direction , and bemg thus ■violently shaken are excited 
to the point of emitting hght 

Almost a century elapsed before anything more was dis 
covered regardmg the discharge m vacuous spaces But in 
1838 raraday§ while passing a current from the electrical 
machine between two brass rods m rarefied aix noticed that 
the purple haze or stream of hght which proceeded from the 
positive pole stopped short before it arrived at the negative 
rod The negative rod which was itself covered ■with a eon 
tinuous glow was thus separated from the purple column by 
a narrow dark space to this, in honour of its discoverer, 
the name Faradays dark syace has generally been given by 
subsequent writers 

That vitieous and resmous electricity give rise to different 
types of discharge had long been known, and indeed, as we 
have seen II it was the study of these differences that led 
Franklm to identify the electricity of glass with the superfluity of 
fluid, and the electricity of amber with the deficiency of it But 
phenomena of this class are m general much more complex 
than might be supposed from the appeaiance which they 
present at a first examination , and the value of Faraday s 
discovery of the negative glow and dark, space lay chiefly in 
the simple and definite character of these features of the 
discharge which indicated them as promising suh]ects for 
further research Faraday himself felt the importance of 

tNollet Meehet ehea mr V Mlectixcute 1749 troisitine discours 
§Plu.l Trans 1838, Mxper Rea i § 1526 |1 Of p 44 


•C£ oh 11 
+ C£ p 40 
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investigations in this direction The results connected with 
the different conditions of positive and negative discharge he 
wrote * will have a far greater influence on the philosophy of 
electrical science than we at present imagine 

Twenty more years however passed before another notable 
advance was made That a subject so full of promise should 
progress so slowly may appear strange , but one reason at any 
rate is to be found in the meapacity of the air pumps then in 
use to rarefy gases to the degree required for effective study 
of the negative glow The invention of Geissler’s mercurial 
air pump m 1855 did much to remove this difficulty , and it 
was m Geissler s exhausted tubes that Julius Pluckerf of Bonn 
studied the discharge three years later 

It had been shown by Sir Humphrey Davy in 1821| that 
one form of electric discharge— namely the arc between carbon 
poles — is deflected when a magnet is brought near to it 
Plucker now performed a similar experiment with the vacuum 
discharge and observed a similar deflexion But the most 
mteresting of his results were obtained by examining the 
behaviour of the negative glow in the magnetic field, when 
the negative electrode was reduced to a single point the whole 
of the negati\e light became concentiated along the line of 
magnetic force passing through this point In other woids 
the negative glow disposed itself as if it weie constituted of 
flexible chains of iron filmgs attached at one end to the 
cathode 

Plucker noticed that when the cathode was of platinum 
small particles weie torn off it and deposited on the walls of 
the glass bulb It is most natuial he wrote ' to imagine 
that the magnetic light is formed by the mcandescence of these 
platinum particles as they are torn from the negative electrode 
He likewise observed that during the discharge the walls of 

* Ixper Res § 1523 

t Ann d Phye cm (1858) pp 88 151 civ (1858) pp 113 622 cv (1868) 

P 67 evil (1869) p 77 Phil Mng xvi (1868) pp 119 408 xviu (1869) 

PP 1 7 ' 

JPhil Tians 1821 p 425 
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the tube neai the cathode glowed with a phosphorescent light 
and remarked that the position of this light was altered when 
the magnetic field was changed This led to another discovery , 
for in 1869 Plucker’s pupil W Hittorf * having placed a solid 
body between a point cathode and the phosphorescent light was 
surprised to find that a shadow was cast He rightly inferred 
from this that the negative glow is formed of rays which 
proceed fiom the cathode in straight lines and which cause the 
phosphorescence when they strike the walls of the tube 

Hittorfs observation was amplified in 1876 by Eugen 
Goldstein t who found that distinct shadows were cast not 
only when the cathode was a single point but also when it 
formed an extended surface provided the shadow throwing 
object was placed close to it This clearly showed that the 
cathode rays (a term now for the first tune introduced) are not 
emitted indiscriminately in aH directions but that each portion 
of the cathode surface emits rays which are practically confined 
to a single direction , and Goldstein found this direction to be 
noimal to the surface In this respect his discovery established 
an important distinction between the mannei in which cathode 
rays are emitted from an electrode and that in which light is 
emitted from an incandescent surface 

The question as to the nature of the cathode rays attracted 
much attention during the next two decades In the yeai 
following Hittorfs investigation Cromwell Varleyf put forward 
the hypothesis that the rays are composed of ‘ attenuated par 
tides of matter projected from the negative pole by electricitj , 
and that it is m virtue of their negative charges that these 
particles are influenced by a magnetic field § 

During some years following this the properties of highly 

Ann (i Phys cxxxvi (1869) pp 1 197 tianslated Annales de Chxiriie xvi 
(1869) p 487 

t Beihn M matabenchte 1876 p 279 
+ Proc Eoy Soc xix (1871) p 236 

§ Priestley in 1766 had shown that a current of electiified air flo’ws fiom the 
points of bodies which are electrified either vitieously or resmously of Priestley s 
Kxstoi y of jBlect^ icity p 591 
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rarefied gases were investigated by Sir William Crookes 
Influenced doubtless by the ideas which weie developed in 
connexion with his discovery of the radiometer Crookes * like 
Yarley proposed to legard the cathode rays as a molecular 
torrent he supposed the molecules of the residual gas coming 
into contact with the cathode to acquire from it a resmous charge 
and immediately to fly off normally to the surface by reason of 
the mutual repulsion exerted by similarly electrified bodies 
Carrying the exhaustion to a higher degree Ciookes was enabled 
to study a dark space which under such circumstcinces appears 
between the cathode and the cathode glow , and to show that at 
the highest rarefactions this dark space (which has since been gene- 
rally known by his name) enlarges until the whole tube is occupied 
by it He suggested that the thickness of the dark space may 
be a measure of the mean length of free path of the molecules 
The extra velocity he wrote with which the molecules 
rebound from the excited negative pole keeps back the more 
slowly moving molecules which are advancing towards that pole 
The conflict occurs at the boundary of the dark space where the 
luminous margin bears witness to the eneigy of the collisions ’f 
Thus accordmg to Crookes the dark space is dark and the 
glow bright because there are collisions in the latter and not in 
the former The fluorescence or phosphorescence on the walls 
of the tube he attributed to the impact of the particles on 
the glass 

Crookes spoke of the cathode rays as an ‘ ultra gaseous or 
fourth state’’ of matter These expressions have led some 
later writers to ascribe to him the enunciation or prediction of 
a hypothesis regarding the nature of the particles projected from 
the cathode which arose some years afterwards and which we 
shall presently describe , but it is clear from Crookes’ memoirs 
that he conceived the particles of the cathode rays to be 
ordmary gaseous molecules carrying electric charges , and by 

Phil Trans clxx (1879) pp 135 641 Phil Mag vii (1879) p o7 
tlhil Mag Til (1879) p 57 
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“ a new state of matter he understood simply a state in which 
the free path is so long that colhsions may be disregarded 

Crookes found that two adjacent pencils of cathode rays 
appeared to repel each other At the time this was regarded as 
a direct confirmation of the hypothesis that the rays are streams 
of electrically charged particles , but it was shown later that 
the deflexion of the rays must be assigned to causes other than 
mutual repulsion 

How admirably the molecular torrent theory accounts for 
the deviation of the cathode rays by a magnetic field was shown 
by the calculations of Eduard Eiecke in 1881 * If the axis of 
z be taken parallel to the magnetic force H the equations of 
motion of a particle of mass m charge e and velocity (u v w) 

BiT0 

mdujdt = fvH 'md'vidt = — buH 'md'iildt = 0 

The last equation shows that the component of velocity of the 
particle parallel to the magnetic force is constant , the other 
equations give 

u - A sin (eHtlrn) v - A cos (eStlm) 

showing that the projection of the path on a plane at right 
angles to the magnetic force is a circle Thus in a magnetic 
field the particles of the molecular torrent describe spiral paths 
whose axes are the lines of magnetic force 

But the hypothesis of Varley and Crookes was before long 
involved in difficulties Taitf m 1880 remarked that if the 
particles are moving with great velocities the peiiods of the 
luminous vibrations received from them should be affected to a 
measurable extent in accordance with Dopplers principle 
Tait tried to obtain this effect but without success It may, 
however be argued that if as Crookes supposed the particles 
become luminous only when they have collided with other 
particles and have thereby lost part of their velocity the 
phenomenon m question is not to be expected 

^ Gott Nach 2 Febniaiy 1881 reprinted Ann d Phys xiii (1881) p 191 
t Proc Roy Soc Edinb x (1880) p 430 
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The alternative to the molecular-torrent theory is to supiiosi 
that the cathode radiation is a disturbance of the aethei 1 his 
view was maintained by several physicists* ind notxl)ly by 
Hertz t who rejected Valleys hypothesis when ho IouihI 
experimentally that the rays did not appeal to piodncc, inj 
external electric or magnetic force and were apparently not 
affected by an electrostatic held It was howovei pointid 
out by FitzGeraldJ that external space is prohibly scucnttl 
from the effects of the rays by othei electiic actions which 
take place m the discharge tube 

It was further urged against the charged pai tide thooiy 
that cathode rays are capable of passing through fahus of nit til 
which aie so thick as to be quite opaque to oidiiiiiy light 
It seemed inconceivable that paiticles of mattei should nob bi 
stopped by even the thinnest gold leaf At the time of Hi 1 1/ h 
experiments on the subject an attempt to obiiitc this difhcultj 
was made by J J Thomson || who suggested that the nut ill ic 
film when bombaided by the rays might itself acquiie tlu 
property of emitting charged particles so that the lays whidi 
weie observed on the further side need not have p isscd tin ough 
the film It was Thomson who ultimately lound the tim 
explanation, but this depended in part on xnothei oidei of 
ideas, whose mtroduction and development must now hi 
traced 

The tendency, which was now genoial to abandon llu 
electron theory of Weber in favour of Mix well’s thcoiy 
involved certain changes in the conceptions oi ilcctiic chngc 


iVIa^ 


^( 1880 ) p 3o7 E Goldstein Ann d Phys xn (ISSl) p 
t Ann d Phvs xix (1883) p 782 

{Natoe Novembers 1896 FiU Gerald a p at 

E w.erf! PO^«‘ 0* tlie lays had been noticed by Hitto.t aid In 

fssT t nth Ecu mb,, 

p 28 t 

II J J I horn on j^ecent Researches p 126 
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In the theoiy of Weber electric phenomena were attiibuted 
to the agency of stationary or moving charges which could 
most readily be pictured as having a discrete and atom like 
existence The conception of displacement on the other hand, 
which lay at the root of the Maxwellian theory was more in 
haimony with the representation of electricity as something 
of a continuous nature , and as Maxwell s views met with 
increasmg acceptance the atomistic h} pothesis seemed to have 
entered on a period of decay Its revival was due largely to the 
advocacy of Helmholtz* who in a lecture delivered to the 
Chemical Society of London m 1881 pointed outf that it was 
thoroughly in accord with the ideas of Faraday f on which 
Maxwell s theory was founded “ If he said we accept the 
hypothesis that the elementary substances are composed of 
atoms we cannot avoid concluding that electricity also positive 
as well as negative is divided into definite elementary portions 
which behave like atoms of electricity 

When the conduction of electricity is considered in the 
light of this hypothesis it seems almost inevitable to conclude 
that the process is of much the same character in gases as in 
electrolytes , and before long this view was actively maintained 
It had indeed long been known that a compound gas might be 
decomposed by the electric dischaige , and that in some cases 
the constituents are liberated at the electrodes in such a way 
as to suggest an analogy with electrolysis The question had 
been studied in 1861 by Adolphe Perrot who examined § the 
gases liberated by the passage of the electric spark through 
steam He found that while the product of this action was. 
a detonating mixture of hydrogen and oxygen, there was a 
decided preponderance of hydrogen at one pole and of oxygen 
at the other 

The analogy of gaseous conduction to electrolysis was 
applied by W Giese |1 of Beilin in 1882 in order to explam 

* Cf also G Johnstone Stoney Phil Mag May 1881 

tJouin Chem Soc (1881) p 277 t P ^^0 

§ Annales de Chimie (3) Ixi p 161 

II Ann d Phys xvix (1882) pp 1 236 519 
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the conductivity of the hot gases of flames It is assumed 
he wrote that m electrolytes even before the application of 
an external electromotive force there are present atoms or 
atomic groups — the ions as they are called — which originate 
when the molecules dissociate , by these the passage of electri 
city through the liq[uid is effected for they are set in motion 
by the electric field and carry their chaiges with them We 
shall now extend this hypothesis by assuming that in gases 
-.Iso the property of conductivity is due to the presence of 
ions Such ions may be supposed to exist in small numbers 
m all gases at the ordinaiy temperature and pressure , and as 
the temperature rises their numbers will increase 

Ideas similar to this were presented in a general theory of 
the discharge in rarefied gases which was devised two years 
later by Arthur Schuster of Manchester* Schuster remarked 
that when hot liqmds are maintained at a high potential the 
vapours which rise from them are found to be entirely free 
from electrification , from which he interred that a molecule 
striking an electrified surface in its rapid motion cannot carry 
away any part of the charge and that one molecule cannot 
communicate electricity to another m an encounter in which 
both molecules remain mtact Thus he was led to the con 
elusion that dissociation of the gaseous molecules is necessary 
for the passage of electricity through gases f 

Schuster advocated the charged paiticle theory of cathode 
rays and by extending and interpreting an experiment of 
Hittorfs was able to adduce strong evidence in its favour 
He placed the positive and negative electrodes so close to each 
other that at very low pressures the Crookes dark space 
extended from the cathode to beyond the anode In these 
circumstances it was found that the discharge from the positive 
electrode always passed to the nearest point of the inner 
boundary of the Crookes dark space — which of course, was in 

^ Proc Boy Soe xxxvn (1884) p 317 

t la the case of an elementary gas this would imply dissociation of the molecule 
into two atoms chemicaUy ahke but oppositely charged m electrolysis the 
dissociation is into two chemically unlike ions 
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the opposite direction to the cathode Thus m the neighbour 
hood of the positive discharge the current was flowing in two 
opposite diieetions at closely adjoining places , which could 
scarcely happen unless the current in one direction were 
carried by particles moving against the Imes of force by 
virtue of their inertia 

Continuing his researches Schuster* showed in 1887 that 
a steady electric current may be obtained in air between 
electrodes whose difference of potential is but small pro\ided 
that an independent current is mamtamed in the same 
vessel 5 that is to say a continuous discharge produces in 
the air such a condition that conduction occurs with the 
smallest electromotive forces This effect he explained by 
aid of the hypothesis previously advanced , the ions produced 
by the mam discharge become diffused throughout the vessel 
and coming under the influence of the field set up by the 
auxiliaiy electiodes drift so as to carry a current between 
the latter 

A discovery i elated to this was made in the same year by 
Hut 7 in the course of the celebrated researches^: which have 
bei n xlieady mentioned Happening to notice that the passage 
of one spaik is facilitated by the passage of another spark m 
its ntighbouihood he followed up the observation and found 
the phenomenon to be due to the agency of ultia-violet light 
emitted by the lattei spark It appeared in fact that the 
distance across which an electric spark can pass in air is 
gicatly xnci eased when light of very shoit wave length is 
allowed to fall on the spark gap It was soon foundg that the 
effective light is that which falls on the negative electrode 
of the gap , and Wilhelm Hallwachs|| extended the discovery 

* lioc Hoy Soc xlii (1887) p 371 Hittorf had discovered that very small 
olet troiin>tive foioes aie sufficient to cause a dischaige aciossa space through which 
the cathode ladiation is passing 

t Borlm Bor 1887 p 487 Ann d Phys xxxi(1887) p 983 JElectric TTaies 

(Lnfclish ed ) i) 63 

J Of p 3o7 

§ByE Wiedemann and Bbeit Ann d Phys xxxiii (1888) p 241 

II Ann d Phys xxxni (1888) p 301 
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by showing that when a sheet of metal is negatively electiificd 
and exposed to ultraviolet light the adjacent an is thiown 
into a state which permits the charge to leak rapidly away 
Intel est was now thoroughly aroused in the pioldem of 
conductivity in gases , and it was generally felt that the best 
hope of divining the nature of the process lay in studying the 
discharge at high rarefactions If a first step towards undo) 
standing the relations between aether and ponderable inittci is 
to be made said Lord Kehin in 1893* it seems to me tint 
the most hopeful foundation for it is knowledge cleiivcd fioin 
experiments on electricity in high vacuum 

Within the two following years considerable progress was 
effected in this direction J J Thomson f by a rotating minor 
method succeeded in measuring the velocity of the cathode laj s 
finding it to bej 1 9 x 10^ cm /sec , a value so much smillei th in 
that of the velocity of hght that it was scarcely possible to 
conceive of the rays as vibiations of the aethei A fuithei 
blow was dealt at the latter hypothesis when Jean Peiim^^ 
having received the rays in a metallic cylinder found thxt 
the cylinder became charged with lesinous electricity When 
the rays were deviated by a magnet in such a way that they 
could no longer enter the cyhnder it no longer acquired i 
charge This appeared to demonstrate that the lays transpoit 
negative electricity 

With cathode rays is closely connected anothei type 
of radiation which was discovered m December 1895 by 
W C Eontgenll The disco\ery seems to have originated 
m an accident a photographic plate which protected lu the 
usual way had been kept m a room in which vacuum-tube 
experiments were carried on was found on development to show 
distmct markings Experiments suggested by this showed 

^ Proc Roy Soc hv (1893) p 389 
T Phil Mag xxx-vm (1894) p 358 

The value found hy the same investigator in 1897 was much laiffei t) an tins 
$ Comptes Rendus cxxi (1895) p 1130 

II Sitzungsber der Wuizbuiger Physikal Medic Gesellschaft 1895 repiinted 
Ann d Phys Ixiv (1898) pp 1 12 tianslated Nature lin(1896) p ^74 ' 
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that radiation, capable of affecting sensitive plates and of 
causing fluorescence in certain substances is emitted by tubes 
in which the electric discharge is passing , and that the radia 
tion proceeds from the place where the cathode rays strike 
the glass walls of the tube The X rays as they were called 
by their discoverer are propagated in straight lines and can 
neither be refracted by any of the substances which refract 
light nor deviated from their course by a magnetic field 
they are moreover able to pass witb little absorption through 
many substances which are opaque to ordmary and ultia violet 
light — a property of which considerable use has been made 
111 surgeiy 

The nature of the new radiation was the subject of much 
speculation Its discoverer suggested that it might prove to 
represent the long sought for longitudinal vibrations of the 
aether , while other wiiteis advocated the rival claims of 
aethereal voitices infra red light and sifted cathode rays 
The hypothesis which subsequently obtained geneial acceptance 
was fiist propounded by Schuster* in the month following the 
publication of Eontgen s researches It is that the X rays are 
transverse vibrations of the aether of exceedingly small wave 
length A suggestion which was put forward later in the year 
by E Wiechertt and Sir George Stokes J to the effect that the 
rays are pulses generated in the aether when the glass of the 
discharge tube is bombarded by the cathode particles is not 
really distinct from Schuster s hypothesis , for ordinary white 
light likewise consists of pulses as Gouy§ had shown and the 
essential feature which distinguishes the Rontgen pulses is that 
the harmonic vibrations into which they can be resolved by 
Fourier B analysis aie of very short period 

^Nature January 23 1896 p 26b Tatz Gerald independently made the same 
suggestion in a letter to 0 J Lodge printed in the Electrician xxxvii p 372 
tAnn d Phys lix (1896) p 321 

{ Nature September 3 1896 p 427 Pioc Camb Phil Soc i\ (1896) p 216 
Mem Mancliester Lit & Phil Soc xh (1896-7) 

} Jouin de Phys v (1886) p 354 
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The rapidity of the Yibiations explains the failure of all 
attempts to refract the X lays Foi m the formula 

2 1 

JUL — i T ^ 

p(v 

of the Maxwell Sellmeier theory n denotes the frequeucj and 
so IS in this case extiemely large , whence we have 

1 e the refracts e index of all substances for the X la} s is unity 
In fact the vibrations alternate too rapidly to have an effect 
on the sluggish systems which are concerned in ref i action 

Some years afterwards H Haga and C H Wind f having 
measured the diffraction patterns pioduced by X rays concluded 
that the wave length of the vibrations concerned was of the 

o 

order of one Angstrom unit that is about 1/6000 of the wave 
length of the yellow light of sodium 

One of the most important piopeities of X rays was 
disco veied shortly after the rays themselves had become known 
by J J Thomson I who announced that when they pass througli 
any substance whether sohd liquid or gaseous they rendei it 
conducting This he attributed m accordance with the ionic 
theoiy of conduction to a kind of electrolysis the molecule of 
the non conductor bemg split up or nearly split up by the 
Eontgen rays 

The conductivity produced in gases by this means was at 
once mvestigated^ moie closely It was found that a gas which 
had acquired conducting power by exposure to X-rays lost this 
quahty when forced through a plug of glass wool , whence 
it was mferred that the structure m virtue of which the 
gas conducts is of so coarse a character that it is unable to 
survive the passage through the fine pores of the plug The 

♦ Of p 293 

T Proceedings of tlie Amsterdam Acad March 25th 1899 (Enghsh edition, i 
p 420) and September 27th 1902 (Enghsh edition v p 247) 

I Nature Februaiy 27 1896 p 391 

§J J Thomson and E Eutherford Phil Mag xhi (1896) p 392 
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conductivity was also found to be destroyed when an electric 
cm rent was passed through the gas — a phenomenon for which 
i parallel may be found in electrolysis For if the ions were 
leiuovod fiom an electrolytic solution by the pas'^age of a 
current the solution would cease to conduct as soon as 
sulhcient electricity had passed to remove them all , and it 
ma) be supposed that the conducting agents which are produced 
111 i gas b> exposuie to X rays are likewise abstracted from it 
when they are employed to transport charges 

Ihe same idea may be applied to explain another propeity 
of gases exposed to X rays The strength of the current 
thiough the gas depends both on the intensity of the radiation 
and ilso on the electromotive force , but if the foimei factor be 
constant and the electromotive force be increased the current 
docs not increase indefinitely but tends to attain a certain 
satuiation value The existence of this saturation \ alue is 
evidently due to the inability of the electromotne force to do 
nioic than to remove the ions as fast as they are produced by 
the lays 

McanwhUe other evidence was accumulating to show that 
tlu conductivity produced in gases by X raj^s is of the same 
nituic as the conductivity of the gases from flames and from 
tlio path of a discharge, to which the theory of Giese and 
fSchustei had already been applied One proof of this identity 
was supplied b} observations of the condensation of water 
vapour into clouds It had been noticed long before by 
Tohu Aitken^ that gases rising from flames cause precipita 
tion of the aqueous vapour from a saturated gas, and 
li von Helmholtzt had found that gases through which an 
chctiic discharge has been passed possess the same property 
It was now shown by C T E Wilson J working m the 
Cavendish Laboratory at Cambridge that the same is tiue of 
gases which have been exposed to X rays The explanation 

* Trans It S Edmb xxx (1880) p 337 
t Ann d Phys xxxii (1887) p 1 

tProo Roy Soc Maich 19 1896 Phil Trans 1897 p 26o 
2 D 2 
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furnished by the ionic theoiy is that in all three cases the gas 
contains ions which act as centres of condensation for the 
vapoui 

During the year which followed their discovery the X rays 
were so thoroughly examined that at the end of that period 
they were almost better understood than the cathode rays 
from which they derived their origin But the obscurity in 
which this subject had been so long in\ olved was now to be 
dispelled 

Lectuiing at the Eoyal Institution on Apiil 30th 1S97 
J J Thomson advanced a new suggestion to reconcile the 
molecular toiient hypothesis with Lenards observations of the 
passage of cathode rays through material bodies We see 
from Lenard s table he said that a cathode ray can travel 
through air at atmospheric pressure a distance of about half a 
centimetre before the brightness of the phosphorescence falls to 
about half its original \alue Now the mean free path of 
the molecule of air at this pressure is about 10 ® cm and if a 
molecule of air were projected it would lose half its momentum 
in a space comparable with the mean free path Even if ve 
suppose that it is not the same molecule that is carried the 
effect of the obliquity of the collisions would reduce the 
momentum to half m a short multiple of that oath 

Thus, from Lenard s experiments on the absorption of the 
lays outside the tube it follows on the hypothesis that the 
cathode rays are chaiged particles moving with high velocities 
that the size of the carriers must be small compared with the 
dimensions of ordinary atoms or molecules The assumption 
of a state of matter moie finely subdivided than the atom of 
an element is a somewhat startling one , but a hypothesis that 
would involve somewhat similar consequences — viz that the 
so called elements are compounds of some primordial element 
—has been put forward from time to time by various 
chemists 

*A similar sug estion was made by E Wiecheit Veihandl d physik ocon 
Gesellsch in Xonigsberg Jan 1897 
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rhomsoiis lecture drew from Fitz Geiald^ the suggestion 
that we aie dealing with fiee electrons in these cathode rays 
— i lemark the point of which will become more evident when 
wi come to consider the direction in which the Maxwellian 
thcoiy was being developed at this time 

Shoitly afterwards Thomson himself publi'=^hed an accountt of 
( \pcrimcnts in which the only outstanding objections to the 
oil 11 ged particle theory' were removed The chief of these was 
Plcit/ fiilure to deflect the cathode rays by an electiostatic 
held Heitz had caused the rays to travel between parallel 
])1 ites ot metal maintained at different potentials but Thomson 
now showed that in these circumstances the ra}s generate 
ions in the raiefied gas which settle on the plates and annul 
the electiic foice in the intervening space By cairying the 
•exhaustion to a much higher degiee he lemoved this source of 
eontusion and obtained the expected deflexion of the rays 

The electiostatic and magnetic deflexions taken together 
sufhee to deteimine the ratio of the mass of a cathode particle 
to the chaige which it carries Toi the equation of motion of 
tlie pxiticle IS 

mr = eE + ^ [v HJ 


wheie r denotes the vector from the origin to the position of 
the particle , E and H denote the electric and magnetic forces , 

4 the charge m the mass and v the velocity of the paiticle 
By observing the cii cumstances in which the force eE due to 
the electiic field exactly balances the force e[v H] due to the 
mignetic field it is possible to deteimine v and it is readily 
seen fiom the above equation that a measuiement of the 
deflexion in the magnetic field supplies a relation between v 
ind vile, so both v and mje may be deteimined Thomson 
touiid the value of to be independent of the nature of the 
laiefied gas its amount was 10 ^ (grammes/electromagnetic units 
ot chaige) which is only about the thousandth part of the va ue 
of mfe tor the hydrogen atom in electrolysis If the charge 

tPhil Mag x1it( 1897) p 298 


•Llcctucian May 21 1897 
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weie supposed to be of the same order of magnitude as that on 
an electrolytic ion it would be necessary to conclude that the 
particle whose mass was thus measured is much smallei than 
the atom and the conjecture might be entertained that it is tin 
piimordial unit oi corpuscle of which all atoms aie ultiinatcl} 
composed * 

The nature of the resmously charged corpuscles whicli 
constitute cathode rays being thus far determined it became ol 
interest to inquire whether corresponding bodies existed cany in 
charges of vitreous electricity — a question to which at any zale 
a provisional answer was given by W Wienf of Aachen in tin 
same year More than a decade previously E Goldsteint h id 
shown that when the cathode of a discharge tube is perfoi'itod 
radiation of a certain tjpe passes outward through the pci 
forations into the part of the tube behind the cathode i o 
this radiation he had given the name canal rays Wien now 
showed that the canal rays are formed of positi\ely chuged 
particles obtaming a value of mje immensely laiger th in 
Thomson had obtamed for the cathode rays and indeed ol 

t e same order of magnitude as the corresponding ratio in 
electioh sis 


The disparity thus revealed between the coipuscles of 
cathode rays and the positive ions of Goldstein s rajs excited 
gieat interest, it seemed to offer a prospect of exphininu th* 
curious difierenees between the lelations of vitreous and of 
resinous electncity to ponderable matter These phenoincii i 
had been studied by many previous investigators , in partienl ir 
chustert^m the Bakerian lecture of 1890 hadiemaiked tint 
If the law of impact is different between the molecules of the 
gas and the positne and negative ions respectively it follows 
ha the rate of diffusion of the two sets of ions will in genci xj 
e different and had inferred from his theory of the discharge 

w i-aufmaiin Ann d determined also in tlie eanit yeai 1 y 

^vi(189i) p 165 Ann d Phye 

: Berlin Sit.ungsber 1886 p 691 J E S .hn (iggO) p 626 
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that the negative ions diffuse more rapidly This inference 
was confirmed in 1898 by John Zeleny ,* who showed that of 
the ions produced m air by exposure to X rays the positive 
are decidedly less mobile than the negative 

The magnitude of the electric charge on the ions of gases 
was not known with certainty until 1898 when a plan for 
detemiinmg it was successfully executed by J J Thomson t 
The principles on which this celebrated investigation was based 
are very ingenious By measuring the curient in a gas which 
IS exposed to Eontgen rays and subjected to a known electio 
motive force, it is possible to determme the value of the product 
mv where w denotes the number of ions in unit volume of the 
gas, e the charge on an ion and v the mean velocity of the 
positive and negative ions undei the electromotive force As 
V had been already deteiminedj the experiment led to a 
determination of ne , so if n could be found the value of e 
iiLiQ;ht be deduced 

The method employed by Thomson to determine n was 
founded on the discovery to which we have already referred 
that when X rays pass through dust free an saturated with 
aqueous vapour the ions act as nuclei around which the water 
condenses so that a cloud is produced by such a degree of 
saturation as would ordinarily be incapable of producing con 
densation The size of the drops was calculated from measure 
ments of the rate at which the cloud sank and, by comparing 
this estimate with the measurement of the mass of water 
deposited the number of drops was determined and hence the 
number % of ions The value of e consequently deduced was 
found to be independent of the nature of the gas in which the 
ions were pioduced, being approximately the same in hydrogen 
as in air and being apparently in both cases the same as for 
the chaige earned by the hydrogen ion in electrolysis 

Since the publication of Thomsons papers his general 
conclusions regarding the magnitudes of e and m/e for gaseous 

* Phil Ma,, xlM (1898) p I’O T Phil Mag xlvi (1898) p 628 

J By E Eutlierford Phil Ma^ xliv (1897) p 4‘’2 
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ions have been abundantly confirmed It appears ceitaiii that 
electric charge exists in discrete units, vitreous and lesiiious 
each of magnitude 1 5 x 10 coulombs appioxiniatcly Each 
ion whether in an electrolytic liquid or in a gas carries oiu 
(or an integral numbei) of these charges An electrolytic luii 
also contams one or moie atoms of matter, and a positive 
gaseous ion has a mass of the same ordei of magnitude as that 
of an atom of matter Eut it is possible in many wijs to 
pioduce m a gas negative ions which are not attached to atoms 
of matter, for these the meitia is only about one thousandth 
of the inertia of an atom, and there is reason for believing 
that even this apparent mass is in its origin purely electiical^ 

The closmg years of the nineteenth century saw the founda- 
tion of another branch of expeiimental science which is closel} 
lelated to the study of conduction in gases When Ilontgen 
announced his discovery of the X rays and described then 
power of excitmg phosphorescence a number of othei workeis 
commenced to investigate this property more completely In 
particular Henri Beequerel resolved to examine the radiations 
which are emitted by the phosphorescent double sulphate of 
uranium and potassium after exposure to the sun Xhe result 
was communicated to the French Academy on Februaiy 24th 
1896 1 Let a photographic plate he said be wrapped in 
two sheets of very thick black paper such that the plate is not 
affected by exposure to the sun for a day Outside the pipci 
place a quantity of the phosphorescent substance and expose 
the whole to the sun for several hours When the plate ib 
developed it displays a silhouette of the phosphore&cent 
substance So the latter must emit radiations which arc 
capable of passing through paper opaque to ordinary light ui<I 
of reduemg salts of silver 

At this time Beequerel supposed the radiation to have been 
excited by the exposure of the phosphorescent substance to the 
sun , but a week later he announced^ that it persisted for an 

p 343 t Comptes Re idus txxu (1890) p 420 

+ Hid cxxii (Mar h 2nd 1896) ]> jOl 
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indefinite time after the substance had been removed fiom the 
sunlight and after the luminosity which piopeily constitutes 
phosphorescence had died away , and he was thus led to con 
elude that the activity wns spontaneous and permanent It 
was soon found that those salts of uranium which do not 
phosphoresce— e g the uranous salts,— and the metal itself all 
emit the rays , and it became evident that what Becqueiel had 
discovered was a radically new physical propeity possessed by 
the element uranium m all its chemical compounds 

Attempts were now made to trace this activity in other 
substances In lb9h it was recognized in thorium and its 
compounds,* and m the same jear P Cuiie and Madame 
Sklodowska Cuiie announced to the French Academy the 
separation from the mineral pitchblende of two new highly 
active elements to which they gave the names of poloniumf and 
radium J A host of workers was soon engaged in studying the 
properties of the Becqueiel rays The discoverer himself had 
shown? in 1896 that these rays like the X and cathode rays 
impart conductivity to gases It was found in 1899 by 
Eutherfordll that the rays from uranium are not all of the same 
kind, but that at least two distinct types are present , one of 
these, to which he gave the name a rays, is readily absorbed, 
while another which he named fS radiation has a greater 
penetiating power It was then shown by Giesel Becq^uerel and 
others that part of the radiation is deflected by a magnetic field,1f 
and part is not** After this Monsieur and Madame Ouneft 
found that the deviable rays carry negative electric charges 


• Bybchmidt Ann d Phys Ixy (1898) p 141 and By Mai «ne Cuiie 
Comntes Rendus cxxvi (1898) p 1101 

+ Con.ptes Eendua oxxv.l (1898) p 176 f iSid oxxvii (1898), p 12i5 

5iJi/cxxii(1896) p i59 II PW Mag (. xhii (1899) p 109 

\ Giesel Ann d Phys Ixix (1899) p 834 (yorlung with polonium) 
Becqueiel Comptes Eendus ovmx (1899) p 996 (yoiking >*ith ladium) 
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and Becqneiel* succeeded in deviating them by an eleetiostitic 
held The deviable oi j3 rays were thus clearly ot the s inu 
natuie as cathode rays, and when measurements ol the eloctiic 
and magnetic deviations gave foi the ratio m/( aviliic ol tlu 
order 10 the identity of the fi particles with the c ithodc i ly 
corpuscles was fully established 

The subseq[uent history ot the new branch of pliysics Ihus 
eieatea falls outside the limits of the present work Wt must 
now consider the progress which was achieved in the genei il 
theory of aether and electricity in the last decide oi the 
nineteenth century 

* Comptes Rendus gw's. (1900; p 809 
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CHAriEE XII 

THE THEOm or AEniER AND ELECTRONS IN THE CLOSING 
YLAPS or THE NINETEFNTH CENTURY 

The attempts ol Maxwell^ and of Herfczf to extend the theory 
ot the eleetroimgnetie field to the case in which pondeiable 
hodies are in motion had not been altogether successful 
J^eithcr wiitei had taken account of any motion of the material 
p 11 tides relative to the aethei entangled with them so that in 
both investigations tlie moving bodies were regaided simply 
as homogeneous poitions of the medium which fills all spice 
distinguished only by special values of the electric and 
magnetic constants Such an assumption is evidently incon- 
sistent with the admiiable theory by which TresnelJ had 
exphined the optical behaviour of moving transparent bodies , 
it was therefore not suipiisnig that writcis subsequent to Heitz 
slioiild have pioposed to replace Ins equations by others 
designed to agree with irosnels foimulae Before discussing 
these liowevoi itiniy he well to leview biielly the evidence 
for and against the ruobioii of the aether in and adjacent 
to moving pondeiable bodies, as it appealed in the last decade 
of the nineteenth century 

Ihe phenomena of aberration had been explained by Young^ 
on the assumption that the aethei aioiind bodies is unaflected 
l)y their motion But it was shown by Stokes|| in Ih45 tliat 
this IS not the onlj possible explanation Tor suppose that 
Iht motion of the earth coiumunicites motion to the neighboiu 
mg poitions of the aethei , this may be regarded as superposed 
on the vibiatoiy motion which the aetheieal particles have 

*Cf p ’88 T Of p 30 J tCf p 116 5 Of p Ud 

II I’hil x\vii(184j) p 0 \v\ni(lS46) p 70 (1846) p C 
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when tiansmittmg light the orientation of the wa^e fionts of 
the light will consequent!} in geneial be altered , and the direc 
tionin which a heavenly bod} is seen being normal to the wave 
fronts will thereby be affected Eut if the aetheieal motion 
IS irrotational so that the elements of the aethei do not 
rotate it is easil} seen that the duection of propagation of the 
ight ill space is unaffected, the luminous disturbance is still 
piopagated m straight lines from the star, while the noimal 
to the wave front at any point deviates from this line of 
propagation by the small angle w/c wheie u denotes the 
component of the aethereal velocitv at the point resolved at 
right angles to the line of propagation and c denotes the 
velocity of light If it bo supposed that the aether near the 
earth is at rest relatively to the earth s suiface the star will 
appear to be displaced towards the duection m which the 
earth is moving through an angle measured by the ratio of 
the velocity of the earth to the velocity of light multiplied bj 
the sine of the angle between the duection of the earth s 
motion and the line joining the earth and star Ihis is 
precisely the law of aberiation 

An objection to Stokes s theory has been pointed out by 
several writers amongst others by H A Loienty* Ihis is 
at t e iriotational motion of an incompressible fluid is 
completely determinate when the normal component of the 
velocity at its boundary is given so that if the aether weie 
supposed to have the same noimal component of velocity as 
he earth it would not have the same tangential component of 
velocity It follows that no motion will m general exist which 
satisfies Stokes s conditions, and the difficulty is not solved m 
any v ery satisfactoij fashion by either of the suggestions which 
have been proposed to meet it One of these is to suppose that 
the moving eaith does generate a rotational disturbance which 

owever being ladiated aw ay with the velocity of light does not 

affect the steadier irrotational motion, the other which was 


Archives Iseerl axx (1896) p 103 
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:idvanced by Planck * is that the two conditions of Stokes’s 
theory — namely, that the motion of the aether is to be 
irrotational and that at the earth’s surface its velocity is to be 
the same as that of the earth — may both be satisfied if the 
aethei is supposed to be compressible in accordance with 
Boyle s law and subject to gravity so that round the earth it 
IS compressed like the atmosphere , the velocity of light being 
supposed independent of the condensation of the aether 

Lorentzf in calling attention to the defects of Stokes s 
theory proposed to combme the ideas of Stokes and Fiesnel by 
assuming that the aethei near the earth is moving irrotationally 
(as in Stokes s theory) but that at the surface of the earth the 
aethereal velocity is not necessarily the same as that of ponder 
able matter and that (as in Fresnel s theory) a material body 
imparts the fiaction (ju® l»//x of its own motion to the aether 
within it Fresnels theory is a particular case of this new 
theory being derived from it by supposing the velocity potential 
to be zero 

Aberration is by no means the only astronomical phenomenon 
which depends on the velocity of propagation of light , we have 
indeed seenj that this \elocity was originally detei mined by 
observing the retardation of the eclipses of Jupiter s satellites 
It was remarked by Maxwell§ in 1879 that these eclipses 
furnish theoretically at least a means of determining the 
velocity of the solar system lelative to the aether For if the 
distance fiom the eclipsed satellite to the eaith be divided by 
the observed retardation in time of the eclipse the quotient 
lepresents the velocity of propagation of light in this direction 
relative to the solar sjstem, and this will difiei fioin the velocity 
of propagation of light lelative to the aether by the component 
in this diiection of the suns velocity relatne to the aethei 
By taking observations when Jupiter is in difieient signs of the 

*01 Lorentz Pioc Amstei dam Acad (English cd ) i (1899) p 44 J 
t Aichives Neeil xxi (1886) p 103 cf also Zittmsgsveial Kon A1 Aiubloi 
dam 1897-98 p 266 
{ Cf p 22 


§ PiOG R S XXX (1880) p 108 
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zodiac it should theiefore be possible to deteimme the suns 
velocity relative to the aether, or at least that component of it 
which lies IE the ecliptic 

The same pnnciples may be applied to the discussion of 
other astronomical phenomena Thus the minimum of a 
\ariable stai of the Algol type will be letaided oi accelerated 
by an mterval of time which is found by dividing the pi ejection 
of the radius from the sun to the eaith on the direction fiom 
the sun to the Algol vaiiable by the velocity lelative to the 
solar sj stem of propagation of light fiom the variable , and thus 
the latter quantity maj be deduced from observations of the 
retardation * 

Another instance in which the time taken by light to cross 
an oibit influences an observable quantitj is afiorded b} the 
astronomy of double stars Saiaryf long ago lemarked that 
when the plane of the orbit of a double stai is not at light 
angles to the line of sight an inequality in the apparent motmii 
must be caused by the circumstance that the light fiom the 
remoter star has the longer journey to make Yvon Villaiceau+ 
showed that the effect might be repiesented by a constant 
alteration of the elliptic elements of the oibit (which alteiation 
is of course beyond detection) together with a periodic 
mequahty, which may be completely specified by the following 
statement the apparent coordinates of one stai lelative to the 
other have the values which in the absence of this efleet they 
would have at an earlier oi later mstant differing from the 
actual time by the amount 


TOi - nij z 
Wli + TOa c 


where m, and tch denote the masses of the stars c the velocity 
of light, and ss the actual distance of the two stars from each 


•The velocity of light v as found from obseivations of A1 ol by 0 V L 
Charliei OfversigtafK Vet Ak Foihandl xivi (1889) n 6‘>3° 
t Conn dee Temps 1830 ^ 


J AddiUons a la Connaissanoe des Temps 1878 an improved deduction v as 
given by H Seeliger Siteungsbenolite d K Ak zu Munohen xix (1889) p 19 
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othei at the time when the light was emitted, resolved along 
the line of sight In the existing state of double star astronomy 
this effect would be masked by errors of obsei vation 

Yillarceau also examined the consequences of supposing 
that the velocity of light depends on the velocity of the source 
by which it is emitted If for instance the velocity of light 
from a stai occulted by the moon were less than the velocity of 
light reflected by the moon then the apparent position of the 
lunar disk would be more advanced in its mo\ ement than that 
of the star so that at emersion the star would fiist appear at 
some distance outside the lunar disk and at immersion the star 
would be projected on the interior of the di^^k at the instant of 
its disappearance The amount by which the image of the star 
could encioach on that of the disk on this account could not be 
so much as 0 ' 71 , encroachment to the extent of more than 
1 has been observed but is evidently to be attiibuted foi the 
most pait to other causes 

Among the consequences of the finite velocity of piopagation 
of light which are of impoitance in astronomy a leading place 
must be assigned to the principle enunciated in 1842 by Chiistian 
Doppler* that the motion of a souice of light lelative to an 
obscivei modifies the period of the distuibance which is 
received by him The phenomenon resembles the depression 
of the pitch of a note when the source ot sound is receding from 
the obsei vei In either case the period of the vibrations 
perceived bj the observer is [c -vv) j c x the natural period 
wheic 'y denotes the velocity of sepaiation of the source and 
observei, and c denotes the velocity of propagation of the 
disturbance It eg the velocity of separation is equal to 
the oibital velocity of the earth the D lines of sodium in the 
spectrum of the source will be displaced towards the red as 
compared with lines derived from a terrestiial sodium flame bs 
about one tenth of the distance between them The application 
of this principle to the determination of the relative velocity of 

^ Abhandl der K Bohm Ges del Wi&seiisch (5) u (1842) p 465 
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stars m the line of sight which has piovecl of git it stivico in 
astrophysical research, was suggested by Fizeau iii 1848 * 

Passing now from the astronomical observatoiy wo must 
examine the mfoimation which has been gamed iii the pli)sital 
laboratory legaidmg the effect of the eaiths motion on o))titil 
phenomena We have alreadyf lefeued to the investig itions 
by which the truth of Fiesnels formula was tested An 
experiment of a diffeient type was suggested in 18^)2 by 
Fizeau J who remarked that, unless the aether is c lined ilong 
by the earth the radiation emitted by a teiiestiial source sliould 
have different intensities in different directions It was how 
evei shown long afterwards by Lorentz^ that such an expeiiiuent 
would not be expected on theoretical grounds to yield a po^^itive 
result 5 the amount of radiant energy imparted to an xbsoi biug 
body is mdependent of the earth’s motion A few ycais latei 
Fizeau mvestigated|| another possible effect If a beam of 
polarized light is sent obliquely through a glass plati the 
azimuth of polarization is altered to an extent winch depends 
amongst other things- on the lefiactive index of tin glass 
Fizeau performed this experiment with sunlight, the light 
bemg sent through the glass in the direction of the tericstiial 
motion, and in the opposite direction the readings seemed to 
differ in the two cases but on account of experimental difficulties 
the result was indecisive 

Some years later the effect of the earth's motion on tho 
rotation of the plane of polauzation of light propagated along 
the axis of a quartz crystal was investigated by Mascai t If 1 ho 
result was negative Maseart stating that the rotation could 
not have been altered by more than the (1/40 000)th pait wlicri 
the orientation of the apparatus was reversed fiom that of 


* An apparatus foi demonstrating the Doppler Pizeau Gtfnrt m tlm + 

^ I^Annales de Chim (3) (1860) p 129 Aim d Phys 

H Annales de 1 Ec isorm (2) i (1872) p 157 


cxiv* ( 1861 ) 
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the terrestrial motion to the opposite direction This was 
afterwards confirmed by Lord Rayleigh ^ who found that the 
alteidtion if it existed could not amount to (1/100 000)th 
part 

In teriestrial methods of determining the velocity of light 
the ray is made to retrace its path so that any velocity which 
the earth might possess with respect to the luminiferous medium 
would affect the time of the double passage only by an amount 
propoitional to the square of the constant of aberration f In 
1881 however A A MichelsonJ remarked that the effect 
though of the second order should be manifested by a measur- 
able difference between the times for rays describing equal 
paths parallel and perpendicular respectively to the direction of 
the earth s motion He produced interference-fringes between 
two pencils of light which had tra\ersed paths perpendicular 
to each other , but when the apparatus was rotated through a 
light angle so that the difference would be reversed the expected 
displacement of the fringes could not be perceived This result 
was legal ded by Michelson himself as a vindication of Stokes s 
theory^ in which the aether in the neighbourhood of the 
eaith IS supposed to be set in motion LorentzU however 
showed that the quantity to be measured had only half the 
value supposed by Michelson and suggested that the negative 
result of the experiment might be explained by that eoinbma 
tioii of Fiesnel s and Stokes s theories which was developed in 
his own memoirlT since if the velocity of the aether near the 
caith were (say) half the earths velocity, the displacement of 
Michelson s fringes would be insensible 

» Phil Mafc IV (1902) p 215 

t The constant of abei ration is the latio of the earth s orbital velocity t ) the 
velocity of light of mpa p lOO 

jAmei Joum Sci X2ii(1881) p 20 His noethod was afterv aids miproved 
tf Michelson and Moiley Amer Journ Sci xxxiv (1887) p 333 Phil Mag 
\xiv(1887) p 44:9 

§ Cl p 411 

II Arch Neerl xxi (1886) p 103 On the Michelson Morley expeiiment cf 
also Hicks Phil Mag iii (1902) p 9 

U Cf p 413 
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A sequel to the experiment of Michelson and Morley was 
performed in 1897 when Michelson* attempted to determine 
by experiment whether the relative motion of earth and aether 
varies with the vertical height above the terrestrial surface 
No result however could be obtained to indicate that the 
velocity of light depends on the distance from the centre of 
the earth , and Michelson concluded that if there were no choice 
but between the theories of iresnel and Stoke"* it would be 
necessary to adopt the latter and to suppose that the earth s 
influence on the aethei exends to many thousand kilometres 
above its surface By this time however as will subsequently 
appear a different explanation was at hand 

Meanwhile the perplexity of the subject was mcreased by 
experimental results which pomted in the opposite direction 
to that of Michelson In 1892 Sir Oliver Lodgef observed the 
interference between the two portions of a bifuicated beam of 
hght which were made to travel in opposite directions round 
a closed path in the space between two rapidly rotating steel 
disks The observations showed that the velocity of light is 
not affected by the motion of adjacent matter to the extent of 
(l/200)th part of the velocity of the matter Continuing his 
investigations LodgeJ strongly magnetized the moving matter 
(iron m this experiment) so that the hght was propagated 
across a moving magnetic field , and electrified it so that the 
path of the beams lay in a moving electrostatic field, but in 
no ease was the velocity of the light appreciably affected 

We must now trace the steps by which theoietieal physicists 
not only arrived at a solution of the apparent contradictions 
furnished by experiments with moving bodies but so extended 
the domam of electrical science that it became necessary to 
enlarge the boundaries of space and time to contain it 

The first memoir in which the new conceptions were 
unfolded was pubhshed by H A Lorentz§ m 1892 The 


•Amer Jouin Soi (4) iii (1897) p 475 
t Phil Trans clxxsiv (1893) p 727 J ihi 

§ Archives N^erl xxv (1892) p 363 the theory ii 
et sqq 


clxxxix (1897) p 149 
given in ch iv pp 432 
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theory of Lorent? was like those of Weber Eiemann and 
Clausius* a theory of electrons, that is to say all electro 
dynamical phenomena were asciibed to the agency of moving 
electric charges which were supposed in a magnetic field to 
experience forces proportional to their velocities and to com 
municate these foices to the pondeiable mattei with which 
they might be associated t 

In spite of the fact that the eailier theories of electrons 
had failed to fulfil the expectations of their authors the 
assumption that all electric and magnetic phenomena are due 
to the presence or motion of individual electric charges was 
one to which physicists were at this time disposed to give a 
favourable consideration , foi as we have seen J evidence of 
the atomic nature of electiicity was now contributed by the 
study of the conduction of electricity through liquids and gases 
Moieovei the discoveries of Hertz§ had shown that a molecule 
which is emitting light must contain some system resembling 
a Hertzian vibiator , and the essential process in a Hertzian 
vibratoi is the oscillation of electiicity to and fio Lorentz 
himself fiom the outset of his caieerH had supposed the inter- 
action of ponderable matter with the electric field to be effected 
by the agency of electiic charges associated with the material 
atoms 

The pimcipal difference by which the theory now advanced 
by Lorentz is distinguished fiom the theories of Weber, 

•^Cf pp 226 231 262 

+ Some wiitera have mclined to use the teim electron theory as if it weie 
specially connected w ith Sn Joseph Thomson s justly celebrated discovery (cf p 407, 
suptcC) that all negative elections have equal charges But Ihomson s discovery 
though undoubtedly of the gieateat impoitance as a guide to the structuie of the 
universe has hitherto exercised hut little influence on geneial electromagnetic 
theory ihe reason foi this is that in theoietical inveatipations it is customaiy 
to denote the changes of electrons by symbols e\ e% and the equality oi 

non equality of these mates no diffeience to the equations To take an illustiation. 
from Celestial Mechanics it would clearl) make no difference m the geneial 
equations of the planetary theory if the masses of the planets happened to be 
all equal 

+ Cf chapter \i 

§ Cf pp 367 363 

II Verb d Ak V Wetenschappen Anisteidam Deel xvm (1878) 
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Eiemann and Clausius and from Lorentz own earlier woik 
lies in the conception which is entertained of the propagation 
of influence from one electron to another In the older writ 
mgs the electrons were assumed to be capable of acting on 
each other at a distance with forces depending on their 
charges, mutual distances and velocities , in the present 
memoir on the other hand the electrons were supposed to 
interact not directly with each other but with the medium m 
which they were embedded To this medium were ascribed the 
properties characteristic of the aether in Maxwells theory 
The only respect in which Lorentz medium differed from 
Maxwell s was m regaid to the effects of the motion of bodies 
Impressed by the success of Fresnels beautiful theory of 
the propagation of light in moving tianspareiit substances* 
Lorentz designed his equations so as to accord with that 
theory and showed that this might be done by drawing a 
distinction between matter and aether and assuming that a 
movmg ponderable body cannot communicate its motion to 
the aether which surrounds it or even to the aether which 
is entangled in its own particles , so that no part of the aether 
can be in motion relative to any other pait Such an aether 
IS simply space endowed with certain dynamical properties 
The general plan of Lorentz investigation was to i educe all 
the complicated cases of electromagnetic action to one simple 
and fundamental case in which the field contains only free 
aether with solitary elections dispersed m it, the theory which 
he adopted m this fundamental case was a combination of 
Clausius theory of electricity with Maxwells theory ot the 
aether 

Suppose that e{x y d) and e{% y 2 ; ) are two electrons 
In the theory of Clausius f the kinetic potential of their mutual 
action IS 

ee' 

■7 + yy + ss ^ c") , 

so when any number of electrons aie present the part of the 

pp ll^etsqq t Cf p 262 
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kinetic potential which concerns any one of them — say e — may 
he wiitten 

Lc = e + ayy + a z - c^(f) 

where a and ^ denote potential functions defined by the 
equations 

* r r r r r ^ 

a = dx dy ^ = —doe dy dz ' , 

* * . ^ J J ^ 

p denoting the volume density of electric charge and v its 
velocity and the integration being taken over all space 

We shall now reject Clausius assumption that electrons act 
instantaneously at a distance and replace it by the assumption 
thxt they act on each other only through the mediation of an 
aether which fills all space and satisfies Maxwell s equations 
Ihis modification may be effected in Clausius theoiy without 
(lifiiculty j foi as we have seen * if the state of Maxwell s 
xothei at any point is defined by the electric vector d and 
magnetic vector hf these vectors may be expressed in terms 
ot potentials a and ^ by the equations 

d = c grad ^ - a h = curl a , 

and tlio functions a and may m turn be expressed in terms of 
the electric charges by the equations 

a = JIJ jr] d'i'dij dz JJJ l(^) h 1 

wlicie the bais indicate that the values of (pv-r) and (p)' refer 
to the instant {t - i jo) Comparing these formulae with those 
given above for Clausius potentials we see that the only change 
which it IS necessary to make in Clausius’ theory is that of 
letaidmg the potentials in the way indicated by L LoienzJ 
Ihe electiic and magnetic forces, thus defined in teims of the 

^Cf pp *^98 299 

t Wo shall use the small lettois d and h in place of E and H when we are 
(oiKtined with Loient/ fundamental case in which the system consists solely of 
flee a( ther and isolated elections 
JCl p 298 
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position and motion of the charges satisfy the Maxwellian 
equation's 

' di\ d = 
div h - 0 
curl d = - h 
curl h = d/c^ + 47r/oV 

The theory of Lorentz is based on these four aethcie il 
equations of Maxwell together with the equation which (k tei 
mines the ponderomotive force on a charged particle , this 
which we shall now derive is the contribution furnished by 
Clausius theory 

The Lagrangian equations of motion of the electron 6 arc 
dt\divj dx 

and two similar equations where L denotes the total Ivinotic 
otential due to all causes electric and mechanical Ihc 
ponderomotive force exerted on the electron by the clcctio 
magnetic field has foi its x component 


'bJ e d fbL^ 
dx dt \ 0a? 


bXx ddy dag dip\ dxj. 


^ dx dx^ dx dx J dt ' 

which since 

da^ dag da^ da^f dXg 

Hi ~'U 

reduces to 

\ 02! dt J \aa; 32! / ^ \ a® 0,y y 

edj, + e (i/hg - zhy) 
so that the foice m question is 

ed + g [v h] 

Thjs was Loientz expression for the ponderomotive force on an 
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electiified corpuscle of charge e moving with velocity v in a field 
defined by the electric force d and magnetic foice h 

In Lorentz fundamental case which has thus been examined 
account has been taken only of the ultimate constituents of 
which the universe is supposed to be composed, namely cor- 
puscles and the aether We must now see how to build up 
from these the more complex systems which are directly 
presented to our expeiience 

The electromagnetic field m ponderable bodies which to our 
senses appears in general to vary continuously would present a 
diffeient aspect if we were able to discern molecular structure, 
we should then perceive the individual electrons by which the 
held IS produced and the rapid fluctuations of electric and 
magnetic force between them As it is the values furnished 
by our mstiuments represent averages taken over volumes 
which though they appeal small to us are large compared 
with molecular dimensions^ We shall denote an average 
value of this kind by a bai placed ovei the conespondmg symbol 
Lorentz supposed that the phenomena of electrostatic charge 
and of conduction currents are due to the presence or motion of 
simple elections such as have been considered above The pait 
of jo arising from these is the measurable density of electrostatic 
charge , this we shall denote by p\ If w denote the velocity 
of the ponderable mattei, and if the velocity v of the electrons 
be written w + u then the quantity jov so far as it arises from 
electrons of this type may be written />i w + jou The former of 
these terms represents the convection current and the latter 
the conduction current 

Consider next the phenomena of dielectrics Following 
Faraday Thomson and Mossotti f Lorentz supposed that each 
dielectric molecule contains corpuscles charged vitreously and 
also corpuscles charged resinouslj These in the absence of an 

Ihese principles liad been enunciated and to some extent developed by 
J Willard Giobs in 1882-3 Amer Joum Sci ^xiu pp 262 460 xxv p 107 
Gibbs Scientific Fapa 8, "ix pp 182 195 211 
I Cf pp 210 211 
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external field are so arianged as to neutralize each other s clectiic 
fields outside the molecule Poi simplicity we may suppose 
that in each molecule only one corpuscle of chaige e is capal)lc 
of being displaced from its position it follows fi oin what h is 
been assumed that the other corpuscles in the molecule cxtit 
the same electrostatic action as a charge — e situated at the 
original position of this corpuscle Thus if e is disj^lt^'Ccd to in 
adjacent position the entire molecule becomes equivilont to xii 
electric doublet whose moment is measured by the product ol t 
and the displacement of e The molecules in unit volume take ii 
together will m this way give use to a (vector) electiic moment 
per umt volume P which may be compaied to the (vector) 
intensity of magnetization in Poissons theory of magnetism * 
As in that theory we may replace the doublet distribution P 
of the scalar quantity p by a volume distribution of p dotei mint <1 
by the equationf 


p = - div P 

This represents the part of p due to the dielectric molecuk s 
Moreover the scalar quantity has also a doublet distii 
bution to which the same theorem may be applied , the weiagc 

%alue of the part of pw^ due to dielectric molecules is theu foi« 
determined by the equation 


pwx = - div (w^P) = - div P - (P V) Wj, 


/ow = - div P w - (P V) w 

We have now to find that part of jSu which : 
molecules For a smgle doublet of momer 
diffeientiation 


due to dicloelne 
p we have by 


p\ydxdydz = d^jdt 

where the mtegration is taken throughout the luolecuk , so 


/// /ju dxdydz = {dfdt) ( FP) 

where the mtegration is taken throughout a volume V, 

*Cf p 64 

t Ve assume aU transitions gradual so as to avoid surface distrxbuUons 


which 
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encloses a laige number of molecules but which is small com 
pared with measurable quantities, and this equation may be 
written 

ISTow if P refers to differentiation at a fixed point of space (as 
opposed to a differentiation which accompanies the moving body ) 
we ha\ e 

{djdt)^ + V)P 
and {didt) V = 7“ div w , 

so that 

= P + (w V) P + div w P 

= P + curl [P w] + div P w + (P V) w 

and theiefore __ 

^ + iJw = P + curl [P wj 

This equation detei mines the part of ^ which arises from the 
dielectric molecules 

The general equations of the aether thus become when the 
averaging process is pei formed 

div d = 47rc pi - div P div h = 0 

curl d = - h 

{ convection curient + conduction curient i 

+ P + curl[Pw] I 

In order to assimilate these to the ordinal j electromagnetic 
equations we must eMdently write 

d = E the electric force , 

(l/47rc*) E -f P = D the electric induction , 
h == H the magnetic vectoi 

The equations then become (wiitmg /> for pi, as there is no 
longer any need to use the subscript) 

div D = p “• curl E = H 

, div H = 0 cuil H = 47rS 

where 

S = conduction current + convection current + D + curl [P w] 
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The term D in S evidently represents the displacement- 
current of Maxwell , and the term curl [P w] \\ ill be 
recognized as a modified form of the term curl [D w] whicli 
was first mtroduced into the equations bv Hertz ^ It will 
he remembered that Hertz supposed this teim to icprc 
sent the generation of a magnetic force within a diolectiio 
which IS in motion m an electric field , and that Heavisuh f by 
adducmg considerations relative to the eneigy showed tli it tin 
teim ought to be regarded as part of the total cuirent and 
mferred from its existence that a dielectric which moves in an 
electiic field is the seat of an electric current which pi(:)duc(s 
a magnetic field in the surrounding space The modihcxtion 
introduced by Lorentz consisted in replacing D by P in the 
vector product , this implied that the moving dielectric dot s 
not carry along the aethereal displacement which is lepicbeutt d 
by the term E/47rc^ in D but only carries along the chaigcs 
which exist at opposite ends of the molecules of the pondt i able 
dielectric and which are represented by the term P The pait 
of the total current represented by the term cuil [P w] is 
generally called the current of d%electr%c convechon 

That a magnetic field is produced when an uncharged 
dielectric is in motion at right angles to the lines of force of x 
constant electrostatic field had been shown experimentally ni 
1888 by EontgenJ His experiment consisted in lotating a 
dielectric disk between the plates of a condensei , a magnetic 
field was produced equivalent to that which would be produce d 
by the rotation of the fictitious charges on the two faces ol 
the dielectiic le charges which bear the same relation to 
the dielectric polarization that Poisson^s equivalent siufacc 
density of magnetism^ bears to magnetic polarization If U 
denote the difference of potential between the opposite coatings 
of the condenser and € the specific inductive capacity of tlie 
dielectric the surface density of electric charge on the coatings 


* Cf p 360 

f Ann d Phvs xxxv (1888) p 264 
§ Of p 64r 


tCf p 367 
xl (1890) p 93 
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IS proportional to ± cZJ and the fictitious charge on the sui- 
faces of the dielectric is pioportional to + (s - 1) Z7 It is evident 
fiom this that if a plane condenser is charged to a given 
diflerence of potential and is rotated in its own plane the 
magnetic field pioduced is proportional to € if (as in Eow lands 
experiment*) the coatings aie rotated while the dielectric 
leinains at rest but is in the opposite direction and is propor- 
tional to (e - 1) if (as in Eontgen s experiment) the dielectric is 
rotated while the coatings lemam at rest If the coatings and 
dielectric are rotated together the magnetic action (being the 
sum of these) should be independent of g — a conclusion which 
was verified later by Eichenwald f 

Hitherto we have taken no account of the possible mag- 
netization of the ponderable body This would modify the 
equations in the usual mannei + so that they finally take the 
form 


div D = p 

(I) 

div B = 0 

(11) 

curl H = 47rS 

(III) 

curl E = B, 

(IV) 


wheie S denotes the total current formed of the displacement 
current, the convection current the conduction-current, and the 
curient of dielectric convection Moreover since 

S = pv + d/47rc 

we have 

div S = div pv + (l/47rc®) div (3d/0O 
= div pv + 9p/9^ 

»Cf p 339 

rAnn d Phys xi (1903) p 421 xiii (1904) p 919 EichenM aid performed 
other experiments of a siinilai character e g he observed the m »e,netio field due 
to the changes of polanzatim m a dielectric which ^^as moved in a non 
homogeneous electnc hell 

tit IS possible to construct a purely electronic theoiv of magnetization a 
magnetic molecule being supposed to contain electrons in orbital i evolution It 
then appeals that the vector ^vhlch repiesents the avera e value of h is notH 
but B 
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which vanishes by virtue of the principle of conservation of 
electricity Thus 

div S = 0 (V) 

or the total current is a circuital vector Equations (I) to (V) 
are the fundamental equations of Loientz theory of electrons 
We have now to consider the relation by which the polari- 
zation P of dielectrics is determined If the dielectric is 
moving with velocity w the ponderomotive force on unit 
electric charge moving with it is (as in all theories)* 

E = E + [w B ] (1) 

In order to connect P with E , it is necessary to considei the 
motion of the corpuscles Eet e denote the charge and m the 
mass of a corpuscle (S »? ^) its displacement from its position oi 
equilibrium k rj the restitutive force which retains it in 
the vicinity of this point , then the equations of motion of the 
corpuscle are 

g = e J', 

and similar equations in n and Z When the corpuscle is set in 
motion by hght of frequency n passing through the medium 

the displacements and forces will be periodic functions of 

say _ 

5 = Ae”^'^ - 1 i 

Substitutmg these values in the equations of motion we obtain 

Aip-mn) ^ eE^ and therefore | (p - <inn ) = eE ^ 

Thus if W denote the numbei of polarizable molecules per unit 
volume the polarization is determined by the equation 

P = We (I , e;) = We E ({P - mn^) 

In the particular case in which the dieleetiic is at rest this 
equation gives 

D = (l/47rc=) E + P = (l/4,rc ) E + We E/()b* - mn ) 

But as we have seen f D bears to E the ratio ^V47re’ where ya 
* Of p 36o t Cf p 281 



Closi7ig Years of the Niyuteenth Century 429 

denotes the refractive index of the dielectric , and therefore the 
lefractive index is determined in terms of the frequency by the 
equation 

/i’* = 1 + 

This formula is equivalent to that which Maxwell and 
Sellmeier* had derived fiom the elastic solid theory Thouj^h 
superficially different the derivations are alike in their 
essential feature which is the assumption that the molecules 
of the dielectric contain systems which possess free periods 
of vibration and which respond to the oscillations of the 
incident light The formula may be derived on electro 
magnetic principles without any explicit reference to electrons , 
all that IS necessary is to assume that the dielectric polarization 
has a free period of vibration t 

When the luminous vibrations are very slow so that % is 
small ju reduces to the dielectiic constant ef j so that the 
theory of Lorentz leads to the expression 

€ «= 1 + ^'trNe 


* Of p 293 

t A theory of dispeision which so fai as its physical assumptions and results- 
aic concerned resembles that desciihed above was published in the same vear 
(1892) by Helmholtz Beil Ber 1892 p 1093 Ann d Phys xlviu (1893) 
pp 389 723 In this as in Lorentz theory the incident light is supposed to 
excite sympathetic vibrations in the electric doublets which exist in the molecules 
ot transparent bodies Helmholtz equations were howevei derived in a different 
way from those of Loientz being oeduced from the Principle of Least Action 
the final result is as in Lorentz theory represented (when the effect of damping 
IS neglected) by the Maxwell Sellmeier formula Helmholtz theory was developed 
furthei by Beiff Ann d Phys Iv (1895) p 82 

In a theory of dispeision given by Planck Berl Ber 1902 p 470 the 
damping of the oscillations is assumed to be due to the loss of energy by radiation 
BO that no new constant is required in order to express it 

Lorentz in his lectures on the Iheory of Meettons (Leipzig 1909) p 141 
suggested that the dissipative term in the equations of motion of dielectric elections 
might he ascribed to the destruction of the regular vibrations of the electrons 
within a molecule by the collisions of the molecule with othei molecules 

Some inteiestiiig references to the ideas of Hertz on the electromagnetic 
explanation of disperaon will he found m a memoii by Drude Ann d Phys (6) i 
(1900) p 437 
+ Of p 283 
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for the specific mducti\e capacity m teims of the number and 
circumstances of the electrons * 

Ee turning now to the case in which the dielectric is sup 
posed to be iii motion the equation foi the polarization may be 
written 


47rc^P = (ju® - 1) E , (2) 

from this equation Fiesnels formula for the velocity of light in 
a moving dielectric may be deduced For let the axis of s be 
taken parallel to the direction of motion of the dielectric which 
IS supposed to be also the direction of propagation of the light , 
and considering a plane polarized wave take the axis of x 
parallel to the electiic vectoi so that the magnetic vector 
must be paiallel to the axis of y Then equation (III) above 
becomes 

“ = 4frrDj: + 4:mv dPxjdz , 

equation (IV) becomes (assuming B equal to E as is always 
the case in optics) 

“ dBxIdz = J3y 

The equation which defines the electric induction gives 

and equations (1) and (2) give 

4oTcF^ = (fM^-l)(E,^ivEy) 

Eliminating Bj. and Ey we have 


dz dt^ 

or neglecting w Jc^ 

dJSx iddPJ, 

dz^ d dt 



^ 2w(u 

c dtdz *' 


Substituting so that F denotes the velocity 

of light in the moving dielectric with respect to the fixed aether 
we have 


= _2w{ij, -l)r 

^ Cf p ni 

t ihis equaUon was first given as a result of the theoi 7 of elections 
in the last chapter of his memoir of 1892 Arch Neerl xxv p 625 
given by Lai mor Phil Irans clxxxv (1894) p 821 


by Lorent/ 
It was also 
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or (neglecting w jc^) 

C fx -1 

F= -+ 

fX^ 

which IS the formula of Fresnel * The hypothesis of Fresnel 
that a ponderable body m motion carries with it the excess of 
aether which it contains as compared with space free from 
matter is thus seen to be transformed in Lorentz theory 
into the supposition that the polarized molecules of the 
dielectric like so many small condensers increase the dielectric 
constant and that it is (so to speak) this augmentation of the 
dielectric constant which travels with the movmg matter One 
evident objection to Fresnel s theory namely that it required 
the relati\ e velocity of aethei and matter to be different for 
light of diffeient colours is thus removed , for the theory of 
Lorentz only requiies that the dielectric constant should have 
different values for light of different colours and of this 
a satisfactory explanation is provided by the theory of 
dispersion 

The coirectness of Lorentz hypothesis as opposed to that of 
Heitz (m which the whole of the contained aether was supposed to 
be tiansported with the moving body) was afterwaids confirmed 
by various experiments In 1901 E Blondlotf drove a cuirent 
of air through a magnetic field at right angles to the lines of 
magnetic force The air current was made to pass between the 
faces of a condenser which were connected by a wire so as to be 
at the same potential An electromotive foice E would be 
produced in the an by its motion in the magnetic field , and, 
according to the theory of Hertz this should produce an 
electric induction D of amount {ej^fTrc ) E' (where c denotes the 
specific inductive capacity of the air which is practically 
unity) 5 so that, according to Hertz the faces of the condenser 
should become charged According to Lorentz theory on the 
other hand, the electric induction D is determined by the 
equation 

47rc2D-E + (e-l)E' 

t Comptes Bendiis lxxxui (1901) p 778 


• C£ p 117 
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where E denotes the electric force on a charge at rest which is 
zero in the present case Thus according to Lorentz’ theory 
the charges on the faces would have only (e - l)/€ of the values 
which they would have in Hertz theory , that is they would be 
practically zero The result of Blondlot s experiment was m 
favour of the theory of Lorentz 

An experiment of a similar character was peifoimed in 
1905 by H A Wilson * In this the space between the inner 
and outer coatings of a cylindrical condenser was filled with 
the dielectric ebonite When the coatings of such a con 
denser are mamtained at a definite difference of potential 
charges are induced on them, and if the condenser be lotated 
on its axis in a magnetic field whose lines of force are paiallel 
to the axis these charges will be altered owing to the 
additional polarization which is produced in the dielectric 
molecules by their motion in the magnetic field As befoie 
the value of the additional charge according to the theory ot 
Lorentz is (e - l)/6 times its value as calculated by the theory 
of Hertz The result of Wilson s experiments was like that of 
Blondlot s in favour of Loientz 

The leconciliation of the electromagnetic theoiy with 
Fresnels law of the propagation of light in moving bodies was 
a distinct advance But the theory of the motionless aethei 
was hampered by one difficulty it was in its oiiginal form 
mcompetent to explain the negative result of the experiment 
of Michelson and Morleyf The adjustment of theory to 
observation m this particular was achieved by means of a 
remarkable hypothesis which must now be introduced 

In the issue of Nature for June 16th 1892 J Lodge 
mentioned that Fitz Gerald had communicated to him a new 
suggestion for overcoming the difficulty This was to suppose 
that the dimensions of material bodies are slightly altered 
when they are in motion lelative to the aether Five months 
afterwards this hypothesis of Fitz Gerald s was adopted by 

Phil Trans cciv (1905) p 121 
tCf p 417 J Nature xlvi (1892) p 165 
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Lorentz in a communication to the Amsterdam Academy,* 
af tei which it won favoui in a gradually widening circle until 
eventually it came to be generally taken as the basis of all 
theoretical investigations on the motion of ponderable bodies 
till ough the aethei 

Let us fiist see how it explains Michelsons result 
On the supposition that the aethei is motionless one of the 
two poitions into which the oiigmal beam of light is divided 
should accomplish its journey in a time less than the other by 
w Ijo^ wheie w denotes the velocity of the earth c the velocity 
of light and I the length of each arm This would be exactly 
compensated if the arm which is pointed m the direction of the 
teiies trial motion were shoiter than the other by an amount 
w l/lc , as would be the case if the linear dimensions of 
moving bodies weie always contracted in the direction of 
their motion m the latio of (1 - w /2c ) to unity This is 
Pitz Geialds hypothesis of contraction Since for the earth the 
ratio wic IS only 

30 km /sec 
300 000 km /sec 

the fraction lo /c ib only one hundred millionth 

Several fuither contiibutions to the theory of electrons in a 
motionless aether were made m a short treatisef which was 
published by Loientz in 1895 One of these related to the 
explanation of an experimental result obtained some years 
previously by Th des Coudres J of Leipzig Des Coudres had 
observed the mutual inditctance of coils m different circum 
stances ol inclination of their common axis to the direction of 
the earth s motion but had been unable to detect any effect 
depending on the orientation Lorentz now showed that this 
could be explained by considerations similar to those which 

^ Veislajjen d Kon Ak van Wetenscliappen 1892-3 p 74 ^Novembei 26tli 
1892) 

+ V^mioh etnei Theoi te der electi mhm und optischen Brscheimmgen m hewegten 
Ko^i pet n you H A Lorentz Leiden E J Bnll It was repiinted by Teubner 

I eipzi^ m 1906 

J Ann d Pbys wwiii (1889) p 73 

* F 
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Budde and FitzGerald* had advanced m a similar case, a 
conductor carrying a constant electiic current and moving with 
the eaith would exert a force on electric charges at lelative 
rest in its vicinity weie it not that this force induces on the 
surface of the conductor itself a compensating electiostatic 
charge whose action annuls the expected effect 

The most satisfactory method of discussing the influence of 
the terrestrial motion on electrical phenomena is to transform 
the fundamental equations of the aether and electrons to axes 
moving with the earth Takmg the axis of x parallel to the 
direction of the earth s motion and denoting the velocity of the 
earth by v) we write 

wi y y\ ^ ^ 

so that yi z{) denote coordinates referred to axes moving 
with the earth Lorentz completed the change of coordinates 
by introducmg in place of the variable t a local tune ti 
defined by the equation 

+ wx^c^ 

It is also necessary to introduce in place of d and h the electiic 
and magnetic forces relative to the moving axes these aiet 
di = d + [w h] 
li, = li + (l/c^) [d w], 

and in place of the velocity v of an electron ref ei red to^the 
original fixed axes we must mtroduce its velocity Vi relati\ e to 
the moving axes which is given by the equation 

Vi = V - w 

The fundamental equations of the aether and electrons 
referred to the origmal axes are 

div d = 47rc^o curl d = - h, 

div h = 0 curl h = (1/c^) d + 47r/ov, 

r = d + [v h] 

where F denotes the ponderomotive force on a particle carrying 
a umt charge 

* Of p 263 t Of pp 366 366 
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By direct transformation fiom the oiiginal to the new 
variables it is found that when quantities of order w and 
wvjG are neglected these equations take the form 

diVi di = 47rc^p cuili di = - 3hi/a^i 

diVi hi = 0 curb hi = (1/c®) 9di/9^i + 47rpVi 

F = di + [vi hi] 

where div, di stands for 

dxi dyi Zzi 

Since these have the same form as the original equations 
it follows that when terms depending on the squaie of the 
constant of abei ration are neglected all electrical phenomena 
may be expressed with reference to axes moving with the earth 
by the same equations as if the axes weie at rest relative to the 
aether 

In the last chapter of the Versuch Lorentz discussed those 
experimental results which were as yet unexplained by the 
theory of the motionless aether That the terrestrial motion 
exerts no influence on the rotation of the plane of polariza 
tion in quartz* might be explained by supposing that two 
independent effects which are both due to the earth s motion, 
cancel each other, but Lorentz left the question undecided 
Five j^ears later Larmorf ciiticized this investigation, and 
arrived at the conclusion that there should be no first order 
effect , but LorentzJ afterwards maintained his position against 
Larmor s criticism 

Although the physical conceptions of Lorentz had from 
the beginning mcluded that of atomic electric charges the 
analytical equations had hitherto involved p the volume density 
of electric charge, that is they had been conformed to the 
hypothesis of a continuous distribution of electricity in space 
It might hastily be supposed that in order to obtain an 

^ Cf p 416 fLaimoi Aethei and Matter 1900 

1 Proc Amsterdiim Acad (Eiiolish ed ) iv (1902) p 669 
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analytical theory of electrons nothing more would be leyuired 
than to modify the formulae by writing e (the charge of an 
electron) in place of pdxdydz That this is not the case was 
shown* a few years after the publication of the Versuch 

Consider for example the formula for the scalar potential 
at any point in the aether 

= Jff ) dx dy'dz' 

where the bar mdicates that the quantity underneath it is to 
have ifcs letaided value t 

This mtegral in which the integration is extended ovei all 
elements of space must be transfoimed before the integiatiou 
can be taken to extend over moving elements of chaige let 
de denote the sum of the electiic charges which are accounted 
for under the heading of the volume element dx dij d in 
the above mtegral This quantity de is not identical with 
~ddx dy dz For to take the simplest case suppose that it is 
required to compute the \alue of the potential function foi the 
origm at the time i and that the charge is receding from the 
origm along the axis of x with velocity % The charge which 
IS to be ascribed to any position x is the charge which occupies 
that position at the instant t - xjc^ so that when the reckoning 
IS made according to mteivals of space it i«^ necessary to 
reckon withm a segment {x - xl) not the electiicity which at 
any one instant occupies that segment but the electricity which 
at the mstant {t -x je) occupies a segment {x^ - where J(\ 
denotes the point from which the electricity streams to Xi in the 
mterval between the instants (t - Xz/c) and {t - x^/c) We liave 
evidently 

Xi ~ Xi = 26 (^2 — Xi)/c or X2 - x\ = (oJa — Xi ) (1 + uje) 

F or this case we should therefore have 

” Xz - Xi ~ dy'dz 

*E Wiechert Arch iNeeil (2) v (1900) p 549 Of also A Licnurd 
L Eclftirage elect xvi (1898) pp 6 53 106 
t Of p 298 
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In the general case it is only necessaiy to replace u by the 
component of velocity of the electric charge m the direction of 
the radius vector from the point at which the potential is to be 
computed This component may be written 'ycos('y r), where r 
IS measured positively from the point m question to the charge, 
and v denotes the velocity of the charge Thus 

cde' = {c + -y cos (y t)]Y ^ dy 

and therefoie 

, de' 

(p = C — 

J cr + (r v) 

where the integration is extended o\er all the charges in the 
held and the bais over the letters imply that the position of 
the charge consideied is that which it occupied at the instant 
t - rfc In the same way the vector potential may be shown to 
have the value 

f vde' 

^ ^ , cr + (r v) 

Meanwhile the unsettled problem of the relative motion of 
earth and aethei was piovoking a fresh series of experimental 
investigations The most inteiesting of these was due to 
Fitz Gerald * who shortly befoie his death in February 1901 
commenced to examine the phenomena manifested by a 
charged electrical condenser as it is carried through space in 
consequence of the teriestrial motion On the assumption 
that a moving charge develops a magnetic field there will be 
associated with the condenser a magnetic force at right angles 
to the lines of electric force and to the direction of the 
motion magnetic eneigy must therefore be stored in the 
medium when the plane of the condensei includes the direc- 
tion of the drift, but when the plane of the condenser is at 
light angles to the terrestrial motion the effects of the 
opposite charges neutralize each other Fit? Gerald s original 
idea was that in order to supply the magnetic eneigy there 
must be a mechanical drag on the condenser at the moment of 

* Fitz Gerald s Sc entijio Wi itings p 657 
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chaigmgi similar to that which would be produced if the mass 
of a body at the surface of the earth were suddenly to become 
greater Moreover it was conjectured that the condenser 
when freely suspended would tend to move so as to assume the 
longitudinal orientation which is that of maximum kinetic 
energy* the transverse position would therefore be one of 
unstable equilibrium 

Tor both effects a search was made by Fitz Gerald’s pupil 
Trouton f in the experiments designed to observe the turning 
couple, a condenser was suspended in a vertical plane by a 
fine wire and charged If the plane of the condenser were 
that of the meridian about noon there should be no couple 
tending to alter the orientation because the drift of aether due 
to the earth’s motion would be at right angles to this plane, 
at any other hour, a couple should act The effect to be 
detected was extremely small , for the magnetic force due to 
the motion of the charges would be of ordei wjc where w 
denotes the velocity of the earth , so the magnetic eneigy of 
the system which depends on the square of the force would be 
of order {wjc) , and the couple which depends on the derivate 
of this with respect to the azimuth would therefore be likewise 
of the second order in {wjc) 

'So couple could be detected As the energy of the magnetic 
field must be derived from some source there seems to be no 
escape from the conclusion that the electrostatic energy of a 
charged condenser is diminished by the fraction (w/c) of its 
amount when the condenser is moving with velocity w at 
right angles to its hnes of electrostatic force To explain this 
diminution, it is necessary to admit Fitz Geralds hypothesis 
of contraction The negative result of the experiment may be 
taken to indicate^ that the kinetic potential of the system, 
when the FitzGerald contraction is taken into account as a 

Larmoi m Fitz Oerald s Setenhj^o Fapers p 566 

t F T Trouton Trans Roy Dub Soc April 1902 F T Trouton and 
H R Noble Phil Tians ecu (1903) p 165 

t Cf P Langevin Comptes Rendus cxl (1906) p 1171 
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constraint, is independent of the orientation of the plates with 
rGspect to the direction of the terrestrial motion 

It may be remarked that the existence of the couple had 
it been observed would have demonstrated the possibility of 
drawing on the energy of the eaiths motion for purposes of 
terrestrial utility 

The Fitz G-erald contraction of matter as it moves through 
the aether might conceivably be supposed to affect in some 
way the optical properties of the moving matter, for in 
stance, transparent substances might become doubly refractmg 
Experiments designed to test this supposition were per 
formed by Lord Eayleigh in 1902* and by D B Brace in 
1904t , but no double refraction comparable with the propor 
tion (w\o] of the single refraction could be detected The 
Eitz Gerald contraction of a material body cannot therefore be 
of the same nature as the contraction which would be produced 
in the body by pressure but must be accompanied by such 
concomitant changes in the relations of the molecules to the 
aether that an isotropic substance does not lose its simply 
refracting chaiacter 

By this time indeed the hypothesis of contraction which 
oiiginally had no direct connexion with electric theory had 
assumed a new aspect Lorentz as we have seenj had 
obtained the eciuations of a moving electric system by 
applying a transformation to the fundamental equations of 
the aether In the original form of this transformation 
quantities of higher order than the first in lojc were neglected 
But in 1900 Larmor^ extended the analysis so as to include 
small quantities of the second order and thereby discovered a 
remarkable connexion between the equations of transfoima 
tion and the equations which represent FitzGeralds con- 


^ Phil Mag IV (1902) p 678 

tlhil Mag vu(1904) p 317 * . i n nQQQ^ 

+ Cf p 434 Cf also Lorentz Pioc Amsterdam Acad (English ed ) 1 (1899) 

p 4^7 

§ Laimoi AetJm and Matter p 173 
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traction After this Lorent^* went further still and obtained 
the transformation in a form which is exact to all oiders of the 
small quantity wjc In this form we shall now consider it 

The fundamental equations of the aether aie 

div d = 47rc p curl d = - h 

div h = 0, curl h = d/c + AitpY 

It IS desired to find a transformation from the variables 
a??/ 0 ^pdh, vto new variables Xi, yi pi di hi Vj such 
that the equations m terms of these new \ariables may take 
the same form as the origmal equations namely 

diVi di = Anr&pi curb di = - 3hi/9^i 

diVi hi == 0 curb hi = (l/c^) 9di/3b + 47r/oi Vi 

Evidently one particular class of such transformations is 
that which corresponds to rotations of the axes of cooidinates 
about the origin these may be described as the linear homo- 
geneous transformations of determinant unity which transform 
the expression ix + into itself 

These particular transformations are however of little 
interest since they do not change the variable t But m place 
of them consider the more general class formed of all those 
linear homogeneous transformations of deteiminant unity lu 
the variables x y z ct which transform the expression 
{x + ^ z - ct) into Itself we shall show that these tran^^ 

formations have the property of transforming the differential 
equations into themselves 

All transformations of this class may be obtained by the 
combmation and repetition (with interchange of letters) of one 
of them m which two of the variables— say y and z— are 
unchanged The equations of this typical transformation may 

^ Proc Amsterdam Acad (Englisli ed ) vi p 809 I orentz woik \ias 
completed in respect to the formulae which connect pi vi with p v hy Emsiein 
Ann d Phys xvii (1905) p 891 It should be added that the transformation 
in quest on had been applied to the equation of vibiatoiy motions many \ear!i 
before by Voigt Gott ^ach 1887 p 41 
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easily be deiived by considering that the equation of the 
rectangular hyperbola 

af - ie£f = 1 

("in the plane of the variables x ct) is unaltered when any pair 
of conjugate diameteis are taken as new axes and a new unit 
of length IS taken proportional to the length of either of these 
diameters The equations of transformation are thus found to be 


x = x, cosh a + cti smh a, V = 


t -h cosh a + {Xijc) smh a s = ai 

wheie a denotes a constant The simpler equations previously 
given by Lorentz* may evidently be derived from these by 
writing wjc for tanh a and n^lecting powers of wje above the 
first By an obvious extension of the equations given by 
Lorentz for the electric and magnetic forces, it is seen that the 
corresponding equations in the present transformation are 

/ = d*, / K = ^*1 

< = dyi cosh a + c/i- , smh a < ^ = cosh a - (l/c)i^ai smh a 

\d = d I cosh a - chj^ smh a =h, ^ cosh a + (l/c)dyi smh a 

The connexion between p and pi may be obtained m the 
following way It is assumed that if a charge e is attached to 
a particle which occupies the position (f tj 0 s-t the instant t 
an equal charge will be attached to the coiiespondmg point 
(?i ’Ji fi) the corresponding instant ti m the transformed 
system , so that a chaige e attached to an adjacent particle 
(f + 17 + A17 f + A^ at the instant t will gi've use m the 

deiived system to a charge e at the place 




3‘Air 


dni - orp ^ oT/iy 
Vi 


3»7i 


dVi 


SI 


dv 






0?. 




lAr 
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at the instant 
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that IS to say at the place 

(^1 + cosh a 'Ox ^ t^r\ + AO 

at the instant (^i - sinh a A|^/c) Thus at the instant U this 
chaige will occupy the position 

(^1 + cosh a + sinh a A|^ tji + Arj ’{■ sinh a A^ Vyjc 

S'! + Ag'4 sinh a A I 'y Jo) 

The charges corresponding to those m the original system which 
were at the instant t contained m a volume A? An bX will 
therefore in the derived system at the instant U occupy a \ olume 


cosh a + smh a 'Ox Jo 0 0 

smh a 'ey Jo 1 0 

sinh a v Jo 0 1 


a 5 An a2 


(cosh a + sinh a Vxjc) A? An A^ 

Thus if jOi denote the volume density of electric charge in the 
transformed system we shall have 


pi (cosh a + smh a 'Oxjo) = p , 

this equation expresses the connexion between pi and p Wo 
have moreover 




dx 

dx 

dx 

dXi 


dzi 


dt 

” ar 



dzi 




= 0 tanh a + 


and similarly 


= 


sech a 

cosh a-\- 'Dx^c ^sinha 




cosh a 'Ox ^ c-^smha 


V = 


cosh a + Vx^ c~^ smh a 


and 
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When the original variables are by direct substitution replaced 
by the new variables in the diffeiential equations the latter 
take the form 

diVi di = 47rc"|Oi curli di = - dhi/dti 

divi hi = 0 curli hx = (1/c®) d^i/dti + 47-piVi, 

that IS to say the fundamental equations of the aether retain 
their form unaltered when the variables are subjected to the 
transformation which has been specified 

We are now in a position to show the connexion of this 
transformation with Titz Gerald s hypothesis of contraction 
Suppose that two material particles are moving along the axis 
of cc with velocity %o = g tanh a From the relation 


^ tanh a + 


sech a 

cosh r^sinha 


It follows that IS zero for each of the particles which implies 
that they are at rest relative to the new axes Let and 
denote their coordinates with lespect to this latter system , then 
the cooidmates of one particle at the instant referred to the 
original axes will be given by the equations 

X - Xi cosh a + cti sinh a t - t\ cosh a + CGi c'^ sinh a , 
and the coordinates of the other particle will be given by 


X == X I cosh a -I- cti Sinh a f = ti cosh a + a. 1 c ^ smh a , 
so that at time t the latter particle will have the coordinate x'\ 
where 

x' = X 

= X 1 cosh a + cti smh a + {x - Xi) sinh® a sech a 
which gives 

x' - X = (x\ - xl) (1 “ 'w? /c®)i 

This equation shows that the distance between the par 
tides in the system of measurement furnished by the oiiginal 
axes with reference to which the particles were moving with 
velocity bears the ratio ( 1 -w 1 to their distance in the 
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system of measurement furnished by the transfoimed axes 
■with refeience to which the particles are at rest But accord- 
ing to FitzGeralds hypothesis of contraction when a material 
body IS in motion relati've to the aether in a direction parallel 
to the axis of x, its dimensions parallel to this direction 
contract in precisely this ratio, so that the equation of the 
body m terms of the coordmates X\ s, which mcve with 
it 18 unaltered Thus the hypothesis of litzGeiald may be 
expressed by the statement that the eq^iatioTis of the figwes 
of 'ponderable bodies aie (marwimt loiih respect to those trans- 
formations for ivhich the fu/ndamental eguations of the aethei 
are eovanant 

The covariance holds ■with respect to all lineai homogeneous 
transformations m the variables (x y z t) of determinant 
umty which transform the expression (x +y +z -oH) into 
Itself This group eompiises an infinite number of transforma 
tious , so that there are an infinite number of sets of variables 
resembling (a;, y^ s, i,) of which any one set {x, y, z, t,) can 
be derived from any other set {x, y, z, t,) by a transfoimation 
of the group , among the sets we must of course include the 
original set of coordinates (ys y z f) But hitherto we have 
proceeded on the assumption that the onginal set {x y z t) is 
entitled to a pnmacy among all the other sets since the axes 

y z) have been supposed to possess the special property of 
ha'ving no motion relative to the aether and the time repre 
sented by the variable t has been understood to be a definite 
physical quantity The other sets of vanables (xr y, z, t,) 
have been regarded merely as symbols convenient for use in 
problems relatmg to moving bodies but not as corresponding 
to physical entities m the same degree (p y z t) We 
must now inquire whether this view is justified 

The question amounts to asking whether absolute position 
m space or at any rate absolute fixity relative to the aether is 
somethmg which can be brought within the bounds of human 
knowledge 

It IS well known that the science of dynamics as founded 
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on Newton s laws of motion does not supply any criterion by 
which rest may be distinguished fiom uniform motion, for if 
the laws of motion aie applicable when the position of bodies 
IS referred to any particular set of axes they will be equally 
applicable when position is referred to any other set of axes 
which have a uniform motion of translation relative to these 

The older theories of electrostatics magnetism and electro 
dynamics which aie based on the conception of action at a 
distance are concerned only with relative configuiations and 
motions and are therefore useless in the search foi a basis of 
absolute leckoning 

But the existence of an aether which is postulated in the 
undulatory theory of light seems at fiist sight to involve the 
conceptions of lest and motion relative to it and thus to afiord 
a means of specifying absolute position Suppose foi instance 
that a dibtui bailee is generated at any point in free aether, 
this disturbance will spiead outwaids in the form of a spheie , 
and the centre of this sphere will for all subsequent time 
occupy an unchanged position relative to the aether In this 
way, or in many other ways we might hope to deteimine by 
electrical or optical experiments the velocity of the earth 
relative to the aether 

The failure of such experiments as had been tried led 
TitzGeiald* to suggest that the dimensions of material bodies 
undergo contraction when the bodies are in motion relative 
to the aethei By the transformation of Loientz and Larmoi 
as we have seen this hypothesis came to be expressed in a new 
form, namely that the equation of the figure of the body 
referred to a frame of reference moving with it is alwa}s the 
same but that fiames of lefercnce which are in motion relative to 
each other are based on different standards of length and time 
This way of regarding the matter brings into prominence the 
fundamental questions involved Before speaking of lengths 
and velocities it is necessary to examine the nature of systems 
of measurement of space and time 

♦ Of p 432 
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Of the events with which Natural Philosophy is concerned, 
each IS perceived to happen at some definite location at some 
definite moment When a material object has been observed 
to occupy a certain position at a certain instant the same 
object may again be observed at a subsequent instant , but it 
IS impossible to determine whether the object is or is not m 
the same position since there is no obvious means of preserving 
the identity of any location from one moment to another 
The physicist however finds it convenient to construct a 
framework of axes in space and time for the purpose of fitting 
his experiences into an orderly ariangement, and the ques- 
tion at issue IS whether experience furnishes the means of 
determmmg a framework completely and uniquely by 
absolute properties or whethei the selection inevitably rests 
on arbitrary choice and accidental circumstance 

In attempting to answer this question, it may first be 
observed that the choice is always made so as to simplify 
the description of natural phenomena as much as possible , 
thus the variable which is to measure tune is so chosen that 
its increment in the interval between any two consecutive 
beats of a pendulum is the same as its increment in the mteival 
between any other two consecutive beats If the selection of 
the four variables (x y z t) is well made it should be possible 
to expiess the laws of nature by statements of a simple character 
e g that a body isolated from the influence of e\ternal agents 
moves through equal intervals of space in equal intervals of 
time 

Accepting, then the pimciple that the framework of axes 
is to be chosen so as to furnish the simplest possible expression 
of the natural laws it becomes of importance to deteimine 
which of the natural laws are entitled by reason of their 
primary importance to receive the gieatest consideration 

Now many mdications pomt to the probability that the 
various types of forces which are observed in ponderable 

bodies — forces of cohesion of chemical union and so forth 

are ultimately electric in their nature Such an assumption 
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■would have the great advantage of explaining the contraction 
postulated hy Fitz Gerald since it -would represent the con 
traction as actually produced by the motion But if this 
assumption be correct the theory of electricity and aethei is 
without doubt the fundamental theory of Natural Philosophy , 
and the framework of space and time should be chosen with 
a view chiefly to the expression of electrical phenomena This 
may most naturally be done by stipulating that the wave 
fronts of disturbances generated in free aether shall in the 
system of length and time adopted be accounted spheres whose 
centres are at the origins of disturbance and whose radii are 
pi opoi tional to the times elapsed since their imtiation Eef erred 
to axes of (sc 2/ s i) which satisfy these conditions the fundamental 
equations of the electric field assume the form which has been 
taken as the basis of all our theoretical investigations 

Imagine now a distant star which is moving with a uniform 
velocity w or c tanh a relative to this framework {x y z t) The 
theorem of transformation shows that there exists another 
framework {xi y-i Si <i) with respect to which the star is at rest 
and in which moreover the condition laid down regarding the 
wa\e surface is satisfied This framework is pecul arly fitted 
for the representation of the phenomena which happen on the 
star , whose inhabitants would therefore naturally adopt it as 
their system of space and time Bemgs on the other hand who 
dwell on a body which is at lest with respect to the axes 
(y y, z t) would prefer to use the latter system , and from the 
point of view of the universe at large either of these systems 
IS as good as the other The equations of motion of the aether 
are the same with respect to both sets of coordmates and 
therefore neither can claim to possess the only property which 
could confei a piimacy — namely an absolute relation to the 
aethei * 

To sum up we may say that the phenomena whose study 
IS the object of Natural Philosophj take place each at a definite 

* This was fiist clearly ixpiessed hy Emstein Ann d Phys xvii (1905) 
p 891 
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location at a definite moment , the whole constituting a four 
dimensional world of space and time To construct a set of 
axes of space and time is equivalent to projecting this font 
dimensional world into a three dimensional \vorld of space and 
a one dimensional world of time , and this projection may be 
pel formed in an infinite number of wajs each of which is 
distinguished from the others only by characteristics merely 
arbitrary and accidental* 

In order to represent natural phenomena without introducing 
this contingent element it would be necessaiy to abandon the 
customary three dimensional system of cooidinates and to 
operate in foui dimensions Analysis of this kind has been 
devised and has been applied to the theory of the aethci 
but its development belongs to the twentieth centuiy and 
consequently falls outside the scope of the piesent work 

Trom what has been said it will be evident that in the 
closmg years of the nineteenth century electrical investigation 
was chiefly concerned with systems in motion Ihe theory of 
electrons was howevei applied with success in other directions 
and notably to the explanation of anew expeiimental discovery 

The last recorded observation of Faradayf was an attempt 
to detect changes in the period or m the state of polarixiation 
of the hght emitted by a sodium flame when the flame was 
placed m a strong magnetic field No result was obtained, 
but the conviction that an effect of this nature remained to be 
discovered was felt by many of his successors Tait{ examined 
the influence of a magnetic field on the selective absorption of 
hght, impelled thereto as he explained by theoretical consider a 
tions For from the phenomenon of magnetic rotation it may be 
inferred§ that rays circularly polarized in opposite senses are 
propagated with different ^ elocities in the magneti/ed medium , 
and therefore if only those rays are absorbed which have a 


Of H Minkowski B.anm uni Ze%t Leipzig 1 909 
T Bence J(nes lifeojFmaday ii p 449 
% Proc E S Edmb ix (1876) p 118 

§ cf pp 1/4 ne 
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Qite wave length in the medium, the period of the 
d fiom a beam of ciicularly polarized white light 
the same when the polarization is right handed 
IS left handed Thus, wiote Tait what was 
single daik absorption line might become a double 

3t anticipated under different forms by Faiaday and 
scoveied towards the end of 1896 by P Zeeman * 
Faraday s procedure he placed a sodium flame 
poles of an electromagnet and observed a widen 
D -lines in the spectrum when the magnetizing 
3 applied 

etical explanation of the phenomenon was imme 
iished to Zeeman by Lorentzf The radiation is 
3 be emitted by electrons which describe orbits 
jodium atoms If e denote the charge of an electron 
the ponderomotive force which acts on it by virtue 
nal magnetic field is e [r K] where K denotes the 
rce and r denotes the displacement of the electron 
)Sition of equilibrium, and therefore if the force 
xiiis the electron in its orbit be kt the equation of 
le electron is 

mr -i- K^r = e [r K] 

bion of the electron may (as is shown m treatises 
s) be represented by the superposition of certain 
olutions called pinapal oscillations whose distin- 
)peity 13 that they are periodic in the time In ordei 
e the principal oscillations we write for r 

lotes a vector which is independent of the time, and 
re frequency of the principal oscillation substitut 
quation we have 

(k’* - mn ) To = eny - 1 [r^ Z] 

jrslagen dei Akad v Wet te Amsterdam v (1896) pp 181 242 
3 99 Phil Mag (5) xliii (1897) p 226 
3:hu(l897) p 232 
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certain definite wave length in the medium, the period of the 
ray absoibed fiom a beam of circularly polarized white light 
will not be the same when the polarization is right handed 
as when it is left-handed Thus, wiote Tait what was 
oiigmally a single daik absorption line might become a double 
line 

The effect anticipated under different forms by Taraday and 
Tait was discovered towards the end of 1896 by P Zeeman * 
Repeating Faraday’s procedure he placed a sodium flame 
between the poles of an electromagnet and observed a widen 
ing of the D-hnes in the spectrum when the magnetizing 
current was applied 

A theoretical explanation of the phenomenon was imme 
diately furnished to Zeeman by Lorentz t The radiation is 
supposed to be emitted by electrons which describe orbits 
within the sodium atoms If e denote the charge of an electron 
of mass m the ponderomotive force which acts on it by virtue 
of the external magnetic field is e [r K] where Z denotes the 
magnetic force and r denotes the displacement of the electron 
from its position of equilibrium, and therefore if the force 
which restiains the electron in its orbit be ict the equation of 
motion of the electron is 

mT + ic r « <3 [r K] 

The motion of the electron may (as is shown in treatises 
on dynamics) be represented by the superposition of certain 
particular solutions called p vacvpal oscillahom whose distin 
guishing property is that they are peiiodic m the time In order 
to determine the principal oscillations we write for r 

where ro denotes a vector which is independent of the time and 
% denotes the frequency of the principal oscillation substitut 
mg in the equation we have 

(k® - mn^) In = m-v/ - 1 [r^; E] 

* Zittingaverslagen dei Akad v Wet te Amsterdam v (1896) pp 181 242 
VI (1897) pp 13 99 PM Mag (6) xlm (1897) p 226 
t PM Mag xliu (1897) p 232 

2 G 
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certain definite wave length in the medium, the period of the 
ray absorbed fiom a beam of circularly polarized white light 
will not be the same when the polarization is right handed 
as when it is left handed Thus, wrote fait what was 
originally a single dark absorption line noight become a double 
line 

The effect anticipated under different forms by Faraday and 
Tait was discovered towards the end of 1896 by P Zeeman * 
Repeating Faraday’s procedure he placed a sodium flame 
between the poles of an electromagnet and observed a widen 
mg of the D hues m the spectrum when the magnetizing 
current was applied 

A theoretical explanation of the phenomenon was ittittip! 
diately furnished to Zeeman by Lorentzf The radiation is 
supposed to be emitted by electrons which describe orbits 
within the sodium atoms If e denote the charge of an electron 
of mass m the ponderomotive force which acts on it by virtue 
of the external magnetic field is e [r K] where K denotes the 
magnetic force and r denotes the displacement of the electron 
from its position of equilibrium, and therefore if the force 
which lestiains the electron in its orbit be ic“r the equation of 
motion of the electron is 

mx + K^r = e [r K] 

The motion of the electron may (as is shown m treatises 
on dynamics) be repiesented by the superposition of certain 
particular solutions called yiwicvpal oscillations whose distin- 
guishing propel ty is that they are periodic m the time In order 
to determme the principal oscillations we write for r 

where ro denotes a vector winch is independent of the tune, and 
n denotes the fiequency of the principal oscillation substitut- 
ing m the equation we have 

(y} - mn ) r„ = enf - 1 [r^ Z] 

* Zittingsverskgen der ALad v Wet te Amsterdam v (1896) pp 181, 242 
VI (1897) pp 13 99 Phil Mag (6) xlm (1897) p 226 

t Phil Mag xhu (1897) p 232 ' 
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This eciuation may he satisfied either (1) if rj, is parallel to K 
in which case it reduces to 

ic* - mn? = 0 

so that Ti has the value or (2) if is at right angles to K 
in which case hj squaring ooth sides of the equation we obtain 
the lesult 

(k® - 

which gives for n the approximate values km i ± eKflm 

When there is no external magnetic field, so that K is zero 
the three values of % which have been obtained all i educe to 
ic 9 ?i ^ which represents the frequency of vibration of the 
emitted hght before the magnetic field is applied When the 
field IS applied this single frequency is replaced by the three 
frequencies km ^ kth ^ + e£^l2m, Km"i — e^/2m , that is to say, 
the smgle line in the spectrum is replaced by three lines close 
together The apparatus used by Zeeman in his eailiest expeii- 
ments was not of sufficient power to exhibit this triplication 
distinctly and the effect was therefore described at first as a 
widenmg of the spectral hnes * 

We have seen above that the principal oscillation of the 
electron coriespondmg to the frequency kvi i is peiformed in a 
direction parallel to the magnetic force K It will therefore 
give rise to radiation lesembling that of a Hertzian vibratoi 
and the electric vectoi of the radiation will be paiallel to the 
hnes of force of the external magnetic field It follows that 
when the hght leceived m the spectioscope is that which has 
been emitted m a direction at light angles to the magnetic 
field this constituent (which is represented by the middle line 
of the triplet m the spectrum) will appear polarized in a plane 
at right angles to the field , but when the hght received in the 
spectroscope is that which has been emitted in the direction of 
the magnetic force this constituent will be absent 

W'e have also seen that the prmcipal oscillations of the 
electron correspondmg to the fiequencies K'ni^±eKI2m aie 

♦ Later ol}sei*A atioas ’witL more powerful apparatus have shown that the 
primitive spectial line is fiequently replaced hy more than three components 
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performed in a plane at right angles to the magnetic field K 
In order to determine the nature of these two piincipal obcilla 
tions we observe that it is possible for the electron to desciibe 
a circular orbit in ^this plane if the radius of the oibit be 
suitably chosen , foi in a circulai motion the forces k r and 
4r K] would be diiected towards the centre of the circle , and 
it would therefore be necessary only to adjust the radius so that 
these furnish the exact amount of centripetal force required 
Such a motion being periodic would be a principal oscillation 
Moreover since the force e [r K] changes sign when the 
sense of the movement in the circle is reversed it is evident 
that there are two such ^circular orbits corresponding to the 
two senses in which the electron may circulate these must 
therefore be no other than the two prmcipal oscillations of 
frequencies ± eKI2m When the light received in the 
spectroscope is that which has been emitted m a direction at 
right angles to the external magnetic field the circles are seen 
edgewise and the light appears polarized in a plane parallel to 
the field , but when the light exammed is that which has been 
^emitted in a direction parallel to the external magnetic foice 
the radiations of frequencies Km’i ± eK/^in are seen to be 
circularly polarized in opposite senses All these theoretical 
conclusions have been verified by observation 

It was found by Cornu* and by C G- W Konigf that the 
moie lefiangible component (i e the one whose period is shorter 
than that of the original radiation) has its circular vibration 
in the same sense as the current in the electromagnet From 
this it may be inferred that the vibration must be due to a 
resinously charged election, foi let the magnetizing current 
and the electron be supposed to cmculate round the axis of z in 
the direction in which a right-handed screw must turn in order 
to progress along the positive diiection of the axis of z, then 
the magnetic force is directed positively along the axis of z 
^nd in order that the force on the electron may be directed 

* ComptesReudus cicxv (1897) p 6o5 

•^Ann d Pkjs Ixii (1897) p 240 
2 G-2 
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mwaid to the axis of z (so as to shorten the period) the chaige 
on the electron must be negative 

The value of ejm for this negative electron may be determined 
by measurement of the separation between the components of 
the triplet in a magnetic field of known strength , for as we 
have seen the diffeience of the frecjuencies of the outer com 
ponents is eKjm The values of ejm thus determined agree well 
with the estimations* of for the corpuscles of cathode rays 
The phenomenon discovered by Zeeman is closely related to 
the magnetic rotation of the plane of polarization of light "f" 
Both effects may be explamed by supposing that the molecules 
of material bodies contam electric systems which possess 
natural periods of vibration the simplest example of such a 
system being an electron which is attracted to a fixed centre 
with a force proportional to the distance Zeemans effect 
represents the influence of an external magnetic field on the 
fi ee oscillations of these electric systems while Taraday s effect 
represents the influence of the external magnetic field on the 
fenced, oscillations which the systems perform under the stimulus 
of meident light The latter phenomenon may be analysed 
without difficulty on these principles the equation of motion of 
one of the electrons being taken m the form 

mv + iv®r = «E + e [r H] 

where m denotes the mass and e the chaxge of the election 
r its distance from the centie of foice k r the restitutive force 
E and H the electT’ic and magnetic forces When the electron 
performs forced oscillations under the influence of light of 
frequency n this equation becomes 

(k:® - mn )t = e'E + e[i H] 

The influence of the magnetic force on the motion of the 
electron is small compared with the influence of the electiic 
force 1 e the second term on the right is small compared with 
the first term , so m the second term we may replace r by its 


* Of p 405 


tC£ pp 2L3-216 307-309, 367-3/0 
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value as found from the fiist term namely eE/(k - nm ) The 
equation thus becomes 

r + r.[E H] 

K - nw? {k^ - mn y 

If P denote* the electric moment per unit volume we have 

P = er X the numbei of such systems in umt volume of the 
medium ^ 

so P must be of the form 

+ <7[E H] 

where e evidently lepresents the dielectiic constant of the 
medium and <t is the coefficient which measures the magnetic 
rotatory powei In the magneto optic term we may replace 
P[ by K, the external magnetic force since this is large com 
pared with the magnetic force of the luminous vibrations 
Thus if D denote the electiic induction we have 
D = + o- [E K] 

Combining this with the usual electromagnetic equations 

curl H = 47rD 
curl E = - H 

we have 


- curl cull E = fE/c^ + Attg" [E K] 

When a plane wave of light is propagated through the 
medium in the direction of the lines of magnetic foice, and 
the axis of x is taken parallel to this direction the equation 
gives 

' d^JS. a 




iy a d^JSy , ^ 


0^3 


0 E, a ^^E . Z^Ey 


and these equations as we have seenf aie competent to explain 
the rotation of the plane of polarization 

*Cf p 4^8 t Cf p 215 
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From the occurrence of the factor m the denomi- 

nator of the expression for the magneto optic constant tr it 
may he inferred that the magnetic rotation will be very large 
for hght whose period is nearly the same as a free period of 
vibration of the electrons A large rotation is m fact observed"^ 
when plane polarized light whose fiequency differs but little 
from the frequencies of the D lines is passed through sodium 
vapour in a direction parallel to the Imes of magnetic force 

The optical properties of metals maybe explained accoiding 
to the theory of electrons by a slight extension of the analysis 
which applies to the propagation of light in tianspaient sub- 
stances It IS in fact onlv necessary to suppose that some of 
the electrons m metals aie free instead of being bound to the 
molecules a supposition which may be embodied in the equations 
by assuming that an electric force E gives rise to a polarization 
P where 

E = aP + )3P + yP 5 

the term in a represents the effect of the ineitia of the electrons , 
the term in j3 represents then ohmic diift , and the term m y 
represents the effect of the restitutive forces where these exist 
This equation is to be combined with the customary electro 
magnetic equations 

curl H = E/c® 4- 47rP, - curl E = H 

In discussing the propagation of light through the metal we 
may for con\enience suppose that the beam is plane polaiized 


* rhe phenomenoiL Tvas fiist observed by D Macaluso and 0 M Coibino 
Comptes Hendus cxxvii (1898) p 548 Rend Lincei (o) vu (2) (1898) p 293 The 
theoietical explanation vas supplied by W Yoigt G-ott Nach 1898 p 349 
Ann d Phys Ixvu (1899) p 345 Cf also P Zeeman Proc Amst Acad 
V (1902) p 41 and J J Hallo Arch N^erl (2) x (190o) p 148 

Voigt also predicted that if plane polmzed hght of period nearly the same iia 
that of the D radiation were passed through sodium vapour m a mUonetic field 
m a direction perpendicular to the lines of magnetic force the velocity of propa 
gation would be found to depend on the orientation of the plane of polarization 
so that the sodium vapour would behave as a uniaxal crystal This prediction Mas 
confirmed experimentally by Voigt and Wiechert cf Voigt Gott Nach 189S 
p 355 Ann d Phjs Ixvii (1899) p 345 Cf also A Cotton Comptes 

Rendus cxxvm (1899) p 294 and J Geest Arch Neerl (2) x (1905), p 291 
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and propagated paiallel to the axis of z the electric vector being 
parallel to the axis of x Thus the equations of motion reduce 
to 


1 , d^Pr 

dz^ df' dP' 


V o ^Px p 

= a +|3_+t,P 


For JEx and P* we naay substitute exponential functions of 

-l(f - Zfije) 

wheie 11 denotes the freq[uency of the light and p. the quasi-mdex 
of refraction of the metal the equations then give at once 


{f^ - 1 ) (- am? + - 1 + 7 ) - 47rc® 

Writing V (1 - K v/"^) for p, so that v is inversely proportional 
to the velocity of hght in the medium and iv denotes the 
coefficient of absorption and equating separately the real and 
imaginary parts of the equation we obtain 

4ffC (7 — aft ) 

~ + (7 - o?l )“ ’ 

_ 2ir(?^n 

^1? + (v - 01?) 

When the wave length of the light is very large the mertia 
represented by the constant a has but little influence and the 
equations reduce to those of Maxwells original theory* of the 
propagation of light in metals The formulae were experi« 
mentally confirmed for this case by the researches of E Hagen 
and H Eubensf with infra red light , a relation bemg thus 
established between the ohmic conductivity of a metal and 
its optical properties with respect to hght of great wave- 
length 

When, however, the luminous vibrations are performed 
more lapidly, the effect of the inertia becomes predominant, and 



Of p 290 

t Berlin Sitzungster 1903 pp 269 410 
Phil Mag vu (1904) p lo7 


Ann d Phys xi (1903) p 873 
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if the constants of the metal are such that foi a ceitain range 
of values of % v\ is small while v (1 - k ) is negative, it is evident 
that for this range of values of ^ v will be small and k laige 
le, the properties of the metal will approach those of ideal 
silvei * Finally for indefinitely gieat values of n v i is small 
and V® (1 - kO IS nearly unity so that v tends to unity and k 
to zero an approximation to these conditions is realized in 
the X rays t 

In the last years of the nineteenth centuiy attempts were 
made to form more definite conceptions legaidmg the behaviour 
of electrons within metals It will be remembered that the 
origmal theory of electrons had been proposed by Weber J for 
the purpose of explaining the phenomena of electric currents 
in metallic wires Webei however, made but little progress 
towards an electric theory of metals, for being concerned 
chiefly with magneto electiic induction and electromagnetic 
ponderomotive force he scaicely brought the metal into the 
discussion at all except in the assumption that elections of 
opposite signs travel with equal and opposite velocities relative 
to its substance The more eompiehensne scheme of his 
successors half a century afterwards aimed at connecting in 
a unified theory all the known electrical properties of metals 
such as the conduction of currents according to Ohm s law the 
thermo electric effects of Seebeck Peltier and W Thomson 
the gahano magnetic effect of Hall and other phenomena which 
will be mentioned subsequently 

The later investigatois indeed ranged beyond the group 
of purely electrical properties and sought by aid of the theory of 
electrons to explam the conduction of heat The principal ground 
on which this extension was justified was an experimental result 
obtained in 1853 by G Wiedemann and E Fianz^ who found 

•Cf p 179 

t Models lUustratmg the selective leflexion and absoiptxon of li„lit by metallic 
bodies and by gases were discussed by H Lamb Mem and Proc Manchester Lit 
and Phil Soc xlu (1898) p 1 Pioc Lond Math Soc xxxu (1900) p 11 Trans 
•Camb PhiL Soc xviu (1900), p 348 

+ Cf p 226 § Ann d Pliys Ixxxw (1863) p 497 
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that at any temperature the ratio of the thermal conductivity 
•of a body to its ohmic conductivity is approximately the same 
for all metals and that the value of this latio is proportional 
to the absolute temperature In fact the conductivity of a 
pure metal for heat is almost independent of the temperature , 
while the electric conductivity varies in inveise pioportion to 
the absolute temperature so that a pure metal as it appi caches 
the absolute zero of temperatuie tends to assume the character 
of a perfect conductor That the two condueti\ities are closely 
related was shown to be highly probable by the experiments 
of Tait in which pieces of the same metal were found to exhibit 
variations in ohmic conductivity exactly parallel to vaiiations 
in then theimal conductivity 

The attempt to explain the electrical and thermal piopeities 
of metals by aid of the theory of electrons rests on the assump 
tion that conduction in metals is moie or less similar to 
conduction in electrolytes, at any rate that positive and 
negative chaiges diift in opposite directions through the sub 
stance of the conductoi under the influence of an electiic 
field It was remarked in 1888 by J J Thomson * who must 
be regarded as the founder of the modem theory that the 
ditierences which are perceived between metallic and electro 
lytic conduction may be referred to special features in the two 
cases which do not affect their general resemblance In 
electrolytes the carriers are provided only by the salt which 
IS dispersed throughout a large mert mass of solvent , whereas 
in metals it may be supposed that every molecule is capable 
of furnishing earners Thomson therefore proposed to regard 
the current in metals as a series of intermittent discharges, 
caused by the rearrangement of the constituents of molecular 
systems — a conception similar to that by which Grothubsf had 
pictured conduction in electrolytes This view would as he 
showed lead to a general explanation of the connexion between 
thermal and electrical conductivities 

J J Ihomson Apphcations of JDynamws to JP/iysics and Chemistry 1888 

296 Cf alsoGiese Ann d Phys xxxvu (1889), p o76 t Cf p 78 
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Most of the later writers on metallic conduction have pre- 
ferred to take the hypothesis of Arrhenius* rather than that of 
Grothuss as a pattern , and have therefore supposed the 
interstices between the molecules of the metal to be at all 
times swarm ng with electric charges in rapid motion In 
1898 r Eieckef effected an important advance by examining 
the consequences of the assumption that the average velocity of 
this random motion of the charges is neaily proportional to the 
squaie root of the absolute tempeiature T P DrudeJ in 1900 
replaced this by the more definite assumption that the kinetic 
energy of each moving charge is equal to the average kinetic 
energy of a molecule of a perfect gas at the same tempeiature 
and may therefoie be expressed in the form q^T where g denotes 
a universal constant 

In the same yeai J J Thomson^ remarked that it would 
accord with the conclusions drawn from the study of ionization 
in gases to suppose that the vitreous and resinous charges play 
different paits in the process of conduction the resinous 
chaiges may be conceived of as carried by simple negative 
corpuscles or electrons such as constitute the cathode rajs 
they may be supposed to mo\e about freely in the mteistices 
between the atoms of the metal The vitreous charges, on the 
other hand, maj be regarded as more oi less fixed in attachment 
to the metallic atoms According to this view the transport of 
electricity is due almost entirely to the motion of the negative 
charges 

An expeiiment which was performed at this time by Eiecke|| 
lent some support to Thomsons hypothesis A cylinder of 
aluminium was inseited between two cylinders of copper in 
a circuit and a cuiient was passed for such a time that the 
amount of copper deposited in an electrolytic arrangement 

^Cf p 3S4 

t Uott Nach 1898 pp 48 137 Ann d Phys Ixvi (1898) pp 363 545 
1199 u (1900) p 83o 

t Ann d Phys (4' \ (1900) p o66 lu (1900) p 369 vii (190;») p 687 

§ Rapports pres au Congrea de Physique Pans 1900 ui p 138 

11 Ph^s Zeitsch lu (1901) p 639 
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would have amounted to over a kilogramme The weight of 
each of the three cylinders however showed no measurable 
change, from which it appeared unlikely that metallic con 
duction is accompanied by the transport of metallic ions 

The ideas of Thomson Eiecke, and Drude were combined by 
Lorentz* in an in\ estigation which as it is the most complete 
will here be given as the representative of all of them 

It IS supposed that the atoms of the metal are fixed and 
that in the interstices between them a laige number of resinous- 
electrons are ii rapid motion The mutual collisions of the 
electrons are disregarded so that their colhsions with the 
fixed atoms alone come under consideration , these aie 
regarded as analogous to collisions between moving and fixed 
elastic spheres 

The flow of heat and electricity in the metal is 
supposed to take place in a direction parallel to the axis of 
a, so that the metal i« m the same condition at all points of 
any plane perpendicular to this direction , and the flow is 
supposed to be steady so that the state ot the system is 
independent of the time 

Considei a slab of thickness dx and of unit area , and suppose 
that the number of electrons in this slab whose x components 
of velocitv lie between u and du whose y components of 
velocity he between v and v + dv, and whose 2: components of 
velocity he between w and w + dw is 

f {u V 10 x) dx du dv dw 

One of these electrons supposing it to escape collision, 
will in the interval of time dt travel from {x, y, z) to {x + % dt 
\j -^-vdi z + wdt) and its x component of velocity will at the 
end of the interval be increased by an amount eMtIm, if m and 
0 denote its mass and charge and JE denotes the electric force 
Suppose that the number of electrons lost to this group by 
collisions in the interval dt is a dx du dv dw dt and that the 


* Amsterdam Proceedings (English edition) vn (1904 190o) pp 438 58o, 684 
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number added to the group by collisions m the same interval is 
h dx chi dv dw dt Then we have 


f(u V w x) {h - a) dt = f{u + eEdtjm w x + u dt) 


and theiefore 


i - a 


m du dx 


Now the law of distribution of velocities which Maxwell 
postulated foi the molecules of a perfect gas at rest is expressed 
by the equation 

T 

f ^ IT ^ dr^ Ne a 


wheie ]T denotes the number of mo\ing corpuscles in unit 
volume, r denotes the resultant \elocity of a corpuscle (so that 
'i ^ ii^ + V id) and a denotes a constant which specifies the 
average intensity of agitation and consequently the temperature 
It IS assumed that the law of distiibution of velocities 
among the electrons in a metal is nearly of this form, but a 
term must be added in order to represent the general drifting of 
the electrons parallel to the axis of x The simplest assumption 
that can be made regardmg this term is that it is of the form 


u y, 0. function of r only , 
we shall therefore write 

3 - 1 

/ = Ntt ^ e ® (0 

The value of x W inay now be detei mined fiom the equation 

, eEdf df 

m dti dx 

for on the left hand side the Maxwellian term 


TT 2 a ^Ne « 


would give a zero result since & is equal to a in Maxwells 
system , thus h - a must depend solely on the term ux(^) j ^-nd 
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an examination of the circumstances of a colhsion in the manner 
of the kinetic theory of gases shows that - cC) must ha\ e the 
toirxi where I denotes a constant which is closely 

related to the mean free path of the electrons In the terms 
on the right hand side of the equation on the other hand 
Maxwells term gives a result different from zero, and m 
comparison with this we may neglect the terms which arise 
from ubx 0 ) Thus we have 


01 


uryir) eE 0 d\ N — 
I \m du dxj TT^a^ 


lu 


2eNE d /i\r\ 2M da] 
mv? dx\€^] a® dx\^ 


and thus the law of distribution of velocities is deteimmed 
The electric current % is determined by the equation 


^ JJI %if {ii V w) dii dv dio 


where the integration is extended over all possible values of the 
components of velocity of the electrons The Maxwellian term 
ux f (% V w) furnishes no eontiibution to this integral, so we 
have 

I = e x(P) 


When the integration is performed this formula becomes 


oi 


2le (2eNE 

Sir^m a m /a* dN da\ 


The coefficient of i in this equation must evidently repiesent 
the ohmic specific resistance of the metal , so if 7 denote the 
specific conductivity, we have 

- ^ 


Let the equation be next applied to the case of two metals 
Jl and B in contact at the sam^ temperatuie T foirning an 
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open ciicuit in which there is no conduction of heat or electricity 
*<so that ^ and dajdx are zero) Integrating the equation 

_ 7)1 a dM 

^ leNTx 


iLCioss the junction of the metals we have 

Discontinuity of potential at junction = log ~ , 

or since \7nd which represents the average kinetic energy of an 
electron is by Drude s assumption equal to where q denotes 
a universal constant we have 

Discontmuity of potential at junction = ^ - 2^ log 

6 e JVa 

This may be interpreted as the diffeience of potential con- 
nected with the Peltier* effect at the junction of two metals , 
the product of the difference of potential and the current 
measures the evolution of heat at the junction The Peltiei 
discontinuity of potential is of the order of a thousandth of a 
volt and must be distinguished from Volta s contact difference 
of potential which is generally much larger, and which as it 
presumably depends on the relation of the metals to the medium 
in which they are immersed, is beyond the scope of the present 
investigation 

Pteturning to the general equations we observe that the flux 
of energy W is parallel to the axis of and is given by the 
equation 

W = J/J urf (70 V w) dio dv dio 

where the mtegration is again extended over all possible values 
of the components of velocity , performing the integration, we 
have 

3n-i \ m dx dxj 

43r substituting for E from the equation already found, 


Trr 

e 


4ml da 


•Cf p 264 
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Consider now the case in which theie is conduction of heat 
without conduction of electricity The flux of energy will in thifo 
case be given by the equation 

W - K-r- 
dou 

where k denotes the thermal conductivity of the metal expiessetl 
in suitable units , or 

Zma da 

a 

If it be assumed that the conduction of heat in metals is 
effected by motion of the electrons this expression may be 
compared with the preceding, thus we have 

k = -g-TT 

and comparing this with the formula already found foi the 
electric conductivity we have 

7 

an equation which shows that the ratio of the thermal to the 
electric conductivity is of the form T x constant which is the 
same for all metals This result accords with the law of 
Wiedemann and Tranz 

Moreover the value of q is known from the kinetic theoiy 
gases, and the value of e has been determined by J J Thomson^ 
and his followers , substituting these values in the formula foi k/7, 
a fair agreement is obtained with the \alues of k/j determined 
experimentally 

It was lemarked by J J Thomson that if, as is postulated 
111 the above theory a metal contains a gieat number of free 
elections in temperature equilibrium with the atoms, the 
specific heat of the metal must depend largely on the enexgy 
required in order to raise the temperature of the electrons 
Thomson considered that the observed specific heats of metals 
are smaller than is compatible with the theory, and was thus 



*Cf p 407 
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led to investigate* the consequences of his original hypothesisf 
regarding the motion of the electrons which difiers from the 
one just described in much the same way as Grothuss theory of 
electrolysis differs from Arrhenius’ Each electron was now 
supposed to be fiee only for a very short time from the moment 
when It IS liberated by the dissociation of an atom to the moment 
when it collides with and is absorbed by, a different atom The 
atoms were conceived to be paired in doublets one pole of each 
doublet being negatively, and the other positively electrified 
Under the influence of an external electric field the doublets 
orient themselves parallel to the electric foice and the elections 
which are ejected from their negati\ e poles give rise to a current 
predominantly in this direction The electric conductivity of 
the metal may thus be calculated In order to comprise the 
conduction of heat in his theory Thomson assumed that the 
kinetic energy with which an electron leaves an atom is pro 
portional to the absolute temperature , so that if one part of the 
metal is hotter than another, the temperature will be equalized 
by the interchange of corpuscles This theory like the other leads 
to a rational explanation of the law of Wiedemann and Eranz 
The theory of electrons in metals has received suppoit 
from the study of another phenomenon It was known to 
the philosophers of the eighteenth century that the air near 
nn mcandescent metal acquires the power of conducting elec 
tiicity ‘Let the end of a poker wrote Canton J when 
^®d^hot be brought but for a moment within three or four 
inches of a small electrified body and its electneal power will 
be almost if not entirely destroyed 

The subject continued to attiact attention at intervals^ , 

* J J Thomson Tlie Cmpitseular Theoiy of Matter London 1907 

t Cf p 4o7 { Phi] Trans hi (176'’) p 467 

§ Cf E Becqnerel Annales de Chanie gxxiy (1853) p 366 Guthne Phil 
Mag xIti (18(3) p 2o4 also various memoirs by Elster and Geitel in the 
Annalen d Phys from 1882 onwards The phenomenon is very noticeable as 
Edison showed (Engineeiing December 12 1884 p 653) when a filament ot 
carbon is heated to incandescence in a rarefied gas In recent years it has been 
found that ions are emitted when magnesia or any of the oxides of the alkaline 
eaitn metals is heated to a dull red heat 
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and as the process of conduction m gases came to be better 
undei stood, the conductivity produced in the neighbourhood of 
incandescent metals was attributed to the emission of electrically 
chaiged particles by the metals But it was not until the develop 
rnent of J J Thomson s theory of ionization in gases that notable 
advances were made In 1899 Thomson* determined the ratio 
of the charge to the mass of the resinously charged ions emitted 
by a hot filament of carbon in rarefied hydrogen by observinsj 
their deflexion in a magnetic field The value obtained for 
the ratio was nearly the same as that which he had found foi 
the corpuscles of cathode rays whence he concluded that 
the negative ions emitted by the hot carbon were negative 
electrons 

The corresponding mvestigationf for the positive leak from 
hot bodies yielded the information that the mass of the positive 
ions IS of the same order of magnitude as the mass of material 
atoms There are reasons for believing that these ions are 
produced from gas which has been absorbed by the supeificial 
layer of the metal J 

If when a hot metal is emitting ions in a rarefied gas an 
electiomotive force be established between the metal and a 
neighbouring electrode either the positive or the negative ions 
ai e urged towards the electrode by the electric field and a current 
is thus transmitted through the intervening space When the 
metal is at a higher potential than the electrode the current is 
carried by the vitreously charged ions when the electrode is 
at the highei potential, by those with resinous charges In 
either case it is found that when the electromotive force is 
in Cl eased indefinitely the euirent does not increase indefinitely 
likewise but acquires a certain satuiation value The 
obvious explanation of this is that the supply of ions available 
fui carrying the current is limited 

» Phil Mag xlvui (1899) p 647 

tJ J Thomson Proc Camh Phil Soe X7 (1909) p 64 0 W Richardson 

Ihil Mag XYi (1908) p 740 

JCf Richardson Phil Trans ccvu (1906) p 1 

2 H 
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When the temperature of the metal is high the ions 
emitted are mainly negative, and it is found* that in these 
circumstances when the surrounding gas is rarefied the satura 
tion current is almost inaependent of the nature of the gas or 
of its pressure The leak of lesmous electricity from a metallic 
surface in a rarefied gas must therefore depend only on the 
temperature and on the nature of the metal , and it was shown 
by 0 W Richardsonf that the dependence on the tempera tine 
may be expressed by an equation of the foim 

where % denotes the satuiation current per unit area of 
surface (which is propoitional to the number of ions emitted in 
unit time), T denotes the absolute temperature and A and I 
aie constants J 

In order to account for these phenomena Eichardson§ 
adopted the hypothesis which had previously been pioposed|| 
for the explanation of metallic conductivity , namely that 
a metal is to be regarded as a sponge like structuie of 
comparatively large fixed positive ions and molecules, in the 
interstices of which negatl^e electrons are in rapid motion 
Since the electrons do not all escape freely at the surface he 
postulated a superficial discontinuity of potential sufficient to 
restrain most of them Thus let N denote the number of free 
electrons in unit volume of the metal , then m a parallelepiped 
whose height measured at right angles to the surface is dx 
and whose base is of unit area the number of electrons whose 

*Cf J A McClelland 1 roc Camb Phi’ Soc x (1899) p 241 xi (1901) 
p 296 On the lesults obtained when the is hjdiogen cf H A Wilson 
Phil Trans ccii(l903) p 243 ccviii (1908) p 247 and 0 W Eichaidson 
Phil lians ccvii (1906) p 1 

tProo Camb Phil Soc xi (1902) p 286 Phil Irans cci (1903) p 49/ 
Cf also H A Wilson Phil Trans ccii (1903) p 243 

JThe same law applies to the emission fiom otliei bodies eg heated 
alkaline eaiths and to the emission of positive ions — at any i ate when a steady 
state of emission has been reached in a ^as w hioh is at a definite pressure 
§Phil Trans cei (1903) p 497 
II Cf pp 457 et sqq 
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X components of velocity are comprised between u and u + du is, 

U 

TT ® dudx where fma = g[T 

m denoting the mass of an electron T the absolute temperature 
and q the universal constant pieviously introduced 

Now an electron whose x component of velocity is u will 
arrive at the interface within an mterval dt of time provided 
that at the beginning of this interval it is within a distance udt 
of the interface So the number of electrons whose x com 
ponents of velocity are comprised between ^ and u + dw which 
arrive at unit area of the interface in the mterval dt is 

u 

^%d%bdt 

If the work which an electron must perform in order to escape 
through the surface layer be denoted by (f>, the number of 
electrons emitted by unit area of metal in unit tune is 
therefore 

TT^aT^Ne « ibdu or 

J = p 

The current issuing from unit area of the hot metal is thus 

Jtt ^Nme or Ni. {qTISTr7rb)^e 

where g denotes the charge on an electron This expression 
being of the form 

ATUT 

agrees with the experimental measures , and the comparison 
furnishes the value of the superficial discontinuity of potential 
which IS implied in the existence of ^ * 

A few years after the date of this investigation, a plan was 

* This discoatmuity of potential was found to be 2 45 yolts for sodium, 4 1 
yolts for platinum, and 6 1 volts foi carbon 
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devised and successfully carried out* for determining expeii 
mentally the kinetic energy possessed by the ions attei 
emission The mean kinetic eneigy of both negative and 
positive ions was found to be the same foi various metals 
(platinum gold silver etc ) and to be directly propoi tion il to 
the absolute temperature, and the distribution of velocities 
among the ions pioved to be that expiessed by Maxwell s law 
The ions may therefore be regarded as kmetically eqiiivilent 
to the molecules of a gas whose temperature is the same as that 
of the metal 

By the investigations which have been recorded the hypo 
thesis of atomic electric charges has been to all appearances 
decisively established But all the parts of the theory of 
elections do not enjoy an equal degree of security, and in 
particular it is possible that the future may bring important 
changes m the conception of the aether The hope was 
formerly entertained of discovering an aether by reference to 
which motion might be estimated absolutely , but such a hope 
has been destroyed by the researches which have sprung from 
Fitz (Geralds hypothesis of contraction, and in some recent 
writings it IS possible to recognize a tendency to replace the 
classical aether by other conceptions which however, have 
been as yet but mdistinctly outlmed 

In any event the close of the nmeteenth century brought to 
an end a well marked era in the history of natural philosophy , 
and this is true not only with respect to the discoveries them 
selves but also in regard to the conditions of scientific organiza 
tion and endeavour which m the last decades of that period 
became profoundly changed The investigators who advanced 
the theories of aether and electricity from the of Descaites 
to that of Lord Kelvm were with very few exceptions, 
congregated withm a narrow territory from Dublin to the 
western piovmces of Kussia, and from Stockholm to the north 
of Italy may be circumscribed by a circle of no more than six 

*0 "W Eiohardaon attd F C Bro-wn, Phil Mag xvi (1908), pp 363 890 
F 0 Brown Phil Mag xtu (1909) p 3o6 , xviu(1909) p 649 
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hundred miles radius But throughout the whole of Kelvin s 
long life the domain of culture was rapidly extending the 
learning of the Gei manic and Latin peoples was carried to the 
furthest regions of the earth new universities were founded 
and mquiiies mto the secrets of nature were instituted m 
every quarter of the globe Let this record close with the 
anticipation that fellowship in the pursuit of knowledge will 
increase in the nations the spirit of generous emulation and 
mutual respect 
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